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Preface 


This  book  was  written  for  senior  schoolchildren 
and  presents  a  series  of  physical  paradoxes  and 
sophisms  differing  in  theme  and  complexity. 
Some  of  them  were  known  long  ago,  yet  most  are 
published  for  the  first  time. 

“Sophism”  and  “paradox”  are  Greek  words.  A 
sophism  (oo(piap,a)  is  an  argument,  though  appar¬ 
ently  perfectly  correct  in  form,  actually  contains 
an  error  that  makes  the  final  deduction  ab¬ 
surd.  A  well-known  sophism  is  “That  which  you 
did  not  lose,  you  possess.  You  have  not  lost 
horns,  hence  you  possess  them.” 

On  the  contrary,  a  paradox  (napa6o^o^)  is 
a  statement  that  seemingly  contradicts  common 
sense,  yet  in  fact  is  true.  For  example,  as  a  pop¬ 
ular  Russian  saying  contends,  “it  is  a  fact, 
however  incredible”  that  when  combining  veloc¬ 
ities  with  the  same  direction,  the  resultant  veloc¬ 
ity  is  smaller  than  their  arithmetic  sum  (this 
is  one  of  the  inferences  of  the  special  theory  of 
relativity). 

A  study  of  sophisms  and  paradoxes  need  not  be 
thought  of  as  a  waste  of  time.  Indeed,  they  were 
esteemed  by  such  eminent  scientists  as  Gottfried 
Leibniz,  Leonhard  Euler,  and  Albert  Einstein. 
Einstein  was  very  fastidious  about  his  books,  and 
yet  he  had  a  shelf  full  of  books  on  mathematical 
jokes  and  puzzles.  Maybe  it  was  his  early  love  of 
original  problems  that  developed  his  striking 
ability  for  nonstandard  thinking,  which  makes 
any  discovery  impossible.  The  study  of  many 
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paradoxes  has  played  an  extraordinary  role  in 
the  development  of  contemporary  physics. 

We  hope  that  this  small  collection  will  help 
its  readers  avoid  making  some  mistakes.  For 
example,  senior  schoolchildren  and  first-year 
students  are  often  observed,  in  trying  to  solve 
ballistic  pendulum  problems  and  the  like,  finding 
the  system’s  velocity  following  an  elastic  colli¬ 
sion  by  applying  the  law  of  conservation  of  me¬ 
chanical  energy  only.  Such  mistakes  will  hardly 
be  made  again  after  studying  the  sophism  in 
Problem  1.25  (a  “violation”  of  the  law  of  energy 
conservation). 

The  first  section  of  the  collection  contains  the 
problems,  the  second  section  gives  short  solutions. 
The  latter  are  useful  to  check  your  own  solutions 
and  in  the  cases  when  a  problem  is  difficult  to 
solve  on  one’s  own. 

The  first  two  editions  of  the  book  were  so 
popular  that  they  quickly  sold  out.  It  has  been 
translated  into  Bulgarian,  Roumanian,  German 
(two  editions  in  GDR),  Japanese,  and  the  lan¬ 
guages  of  the  peoples  of  the  USSR.  Its  success 
stimulated  me  to  compose  new  paradoxes  and  so¬ 
phisms,  thus  resulting  in  the  present  edition.  In 
preparing  it,  I  have  omitted  some  problems, 
revised  the  text  and  solution  of  others,  and  added 
new  ones. 

Accomplishing  his  pleasant  duty,  the  author 
sincerely  thanks  all  those  who  made  comments 
and  remarks  on  the  first  and  second  editions  of  the 
book,  especially  B.  Yu.  Kogan,  who  reviewed  the 
third  edition.  Further  advice  will  also  be  ac¬ 
cepted  with  gratitude. 


The  author 


Chapter  1 

Mechanics 


1.1.  The  Amazing  Adventures 
of  a  Subway  Passenger 

Every  morning  a  muscovite  goes  to  work  by  sub¬ 
way  train.  Although  he  starts  work  at  the  same 
time  every  day,  he  arrives  at  the  subway  station 
at  various  times  each  day.  For  simplicity  we  can 
assume  that  the  time  he  arrives  at  the  station  is 
quite  random. 

On  the  face  of  it,  he  thought  likely  to  assume 
that  the  first  train,  after  he  reaches  the  platform, 
goes  his  way  as  often  as  it  goes  the  opposite  way. 
But  how  was  he  amazed  to  find  that  half  as  many 
trains  go  his  way. 

He  decided  to  clarify  the  reason  for  this  mys¬ 
terious  phenomenon  and  began  to  go  to  his  work 
from  another  station  farther  away.  His  new  ob¬ 
servations  made  him  even  more  amazed,  since 
at  the  latter  station  the  case  was  perfectly  differ¬ 
ent:  the  number  of  trains  going  his  way  was  three 
times  as  many  as  those  going  the  opposite  way. 

Could  you  help  the  passenger  to  resolve  the 
strange  behaviour  of  subway  trains? 

1.2.  Will  the  Propeller-Driven  Sledge  Move? 

A  model  propeller-driven  sledge  set  in  motion  by 
a  propeller  is  placed  on  a  conveyer  belt.  What 
will  the  model’s  velocity  be  relative  to  the 
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ground  if  the  conveyer  belt  and  the  sledge  sim¬ 
ultaneously  move  in  opposite  directions,  i.e.  will 
the  sledge  be  at  rest  or  will  it  move  in  either 
direction? 

1.3.  What  Is  a  Boat  Velocity? 

A  man  standing  on  a  riverbank  pulls  up  a  boat 
by  hauling  in  the  rope  fastened  to  its  bow  with  a 
certain  constant  velocity  ur.  Let  us  resolve  the 


Fig.  1.1 

velocity  ur  as  shown  in  Fig.  1.1.  The  boat’s  veloc¬ 
ity  vb  will  be 

|  vb  |  I  ur  I  cos  a. 

This  formula  demonstrates  that  the  larger  the 
angle  a,  i.e.  the  nearer  the  boat  is  to  the  river- 
bank,  the  smaller  its  velocity.  Actually  we  ob¬ 
serve  quite  the  opposite:  as  the  boat  approaches 
the  riverbank,  its  velocity  increases,  which  fact 
can  easily  be  checked  experimentally.  Just  fas¬ 
ten  a  thread  to  a  pencil  and  pull  it  by  the  thread 
like  the  boat  by  the  rope. 

One  can  prove  graphically  that  the  expression 
derived  does  not  agree  with  our  experiment  (Fig. 
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1.2).  Let  in  a  certain  time  interval  x  the  boat’s 
bow  be  displaced  from  point  A  into  point  B 
with  the  distance  covered  equal  to  AB.  If  AO 
is  the  initial  position  of  the  rope  and  BO  is  its 


o 


position  at  the  end  of  the  interval  x,  then  by  lay¬ 
ing  off  segment  OD  —  OB  on  AO ,  we  find  by 
how  much  the  rope  must  be  pulled  in  (segment 
AD)  for  the  boat  to  cover  the  distance  AB. 

The  figure  demonstrates  that  AB  >  AD, 
hence 

I  vb  |  >  |  ur  | 

which  contradicts  the  formula 
|  vb  I  I  ur  I  cos  a, 

since  cos  a  <<  1. 

What  is  the  reason  for  the  discrepancy  be¬ 
tween  theory  and  experiment? 
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1.4.  The  Strange  Outcome 
of  Combining  Velocities 

Two  workmen  are  lifting  a  load  P  using  two 
ropes  passing  over  two  fixed  blocks  (Fig.  1.3). 


Let  us  calculate  the  load’s  velocity  at  the  mo¬ 
ment,  when  the  ropes  make  an  angle  2a  and  the 
workmen  are  pulling  the  rope  at  A  and  B  at 
equal  speeds,  i.e.  |  v4  |  =  |  v2  |  =  |  v  |. 

Guided  by  the  parallelogram  rule  we  find  the 
speed  |  u  |  of  the  load  to  be 

|  u  |  =  2 OE  =  2 OC  cos  a  =  2  |  v  |  cos  a. 

Let  us  analyze  the  result.  Suppose  now  the  load 
is  placed  fairly  low,  with  the  blocks  placed  not 
too  far  away.  Then  the  angle  a  is  close  to  0° 
so  that  its  cosine  can,  to  a  high  degree  of  accura¬ 
cy,  be  approximated  to  unity  and  the  above  for¬ 
mula  yields 


I  u  I  «  2  I  V  I  . 
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The  absurdity  of  this  expression  is  obvious:  a 
load  cannot  rise  at  a  velocity  exceeding  that  of  a 
rope  hauling  in!  This  means  that  our  reasoning 
is  faulty.  What  is  wrong? 

1.5.  What  Is  the  Average  Velocity? 

A  motorcyclist  moved  from  point  A  to  point  B 
at  60  km/h.  He  returned  along  the  same  route  at 
40  km/h.  Find  the  average  velocity  of  the  motor¬ 
cyclist  for  the  whole  travelling  time  neglecting 
only  the  time  he  stopped  at  point  B. 


1.6.  Less  Haste,  Less  Time  Waste! 

Suppose  we  want  to  find  the  initial  velocity  of  a 
stone  thrown  vertically,  which  after  4  s  has 
risen  6  m. 

The  initial  velocity  of  a  body  uniformly  accel¬ 
erated  in  a  straight-line  motion  in  this  case  is 


Calculate  v0  for  our  situation  by  assuming  the 
acceleration  due  to  gravity  — 10  m/s2  (the  minus 
sign  indicates  that  the  acceleration  is  in  the  oppo¬ 
site  direction  to  the  body’s  motion): 


"o 


2x6  m+10  m/s2  X  16  s2 
2X4  s 


—  21.5  m/s. 


How  must  the  initial  velocity  be  changed  in 
order  for  the  stone  to  reach  the  same  height 
(6  m)  in  half  the  time?  The  need  for  an  increase 
in  the  velocity  seems  to  be  obvious,  but  do  not 
be  hasty! 
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Suppose  the  stone  reaches  6  m  in  2  s  rather 
than  4  s,  then  we  obtain 


2x6  m+ 10  m/s2  X  4  s2 
2X  2s 


13  m/s. 


Indeed,  this  appears  to  be  something  like  the 
proverb:  “More  haste,  less  speed!”. 


1.7.  “Notwithstanding”  the  Law  of  Inertia 

The  first  law  of  mechanics  can  be  formulated  as: 
a  body  remains  at  rest  or  is  in  a  state  of  uniform 
motion  in  a  straight  line  unless  forced  by  another 
body  to  change  its  state. 

Why  then  do  we  often  observe  passengers  in  a 
slowing  down  train  leaning  backwards  and  not 
forwards,  as  is  required  by  the  law  of  inertia? 


1.8.  The  Weight  of  a  Diesel  Locomotive  Equals 
That  of  the  Train 

Were  it  not  for  the  friction  between  the  driving 
wheels  and  the  rails  then  the  engine  would  not  be 
able  to  pull  its  train  at  all.  According  to  Newton’s 
third  law  the  tractive  force  developed  under  a 
uniform  motion  equals  the  friction  force  between 
the  driving  wheels  and  the  rails,  viz.: 

I  Ftrac  |  =  I  Ffr  |  =  k,  |  P,  |, 

where  k{  is  the  friction  coefficient  for  the  engine 
wheels  all  of  which,  we  assume  for  simplicity, 
are  the  driving  wheels,  and  Pj  is  the  engine’s 
weight. 

Based  on  Newton’s  third  law  the  tractive  force 
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must  be  equal  to  the  force  against  which  the 
loco  produces  work,  i.e.  under  a  uniform  motion 
it  is  equal  to  the  friction  force  of  the  wheels  of 
the  train  against  the  rails: 

I  ■f'trac  |  ~  k2  I  ^2  I  » 

where  P2  is  the  train  weight.  Comparing  both 
expressions  yields 

ki  |  |  =  k2  I  P 2  I 

By  cancelling  out  k{  =  k2  (steel-against-steel 
friction)  we  arrive  at  an  evident  absurdity: 

!  Pi  I  =  I  P2  I , 

i.e.  the  engine  weighs  as  much  as  the  train!? 

1.9.  Why  Are  the  Ends  of  the  Shafts  Lying 
in  Radial  Bearings  Tapered? 

The  friction  force  is  given  by  the  friction  coeffic¬ 
ient,  that  is  dependent  on  the  surfaces  in  contact 


and  the  normal  pressure  force,  but  it  is  practical¬ 
ly  independent  of  the  area  of  the  surfaces  in  con¬ 
tact.  Why  then  are  the  ends  of  shafts  in  radial 
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bearings  tapered,  while  those  fixed  in  plain  bear¬ 
ings  are  designed  to  be  as  thin  as  possible  (Fig. 
1.4)?  In  some  textbooks  these  measures  are 
claimed  to  be  taken  to  reduce  friction. 


1.10.  The  Wear  on  the  Cylinder  Walls 

of  an  Internal-  Combustion  Engine 

An  inspection  of  an  internal-combustion  engine 
that  has  run  for  a  long  time  shows  that  the  walls 
of  the  cylinders  are  worn  most  at  A  and  B ,  which 


is  where  the  piston  stops  and  its  motion  reverses 
in  direction  (Fig.  1.5). 

This  seems  to  contradict  common  sense,  which 
would  imply  that  the  wear  would  be  most  pro¬ 
nounced  where  the  piston’s  velocity  is  at  its 
maximum.  The  forces  of  liquid  friction  are  di¬ 
rectly  proportional  to  velocity  and  even  (at 
high  velocities)  to  its  square.  What  is  the  matter? 

1.11.  Rolling  Friction  Must  Vanish 

We  begin  this  problem  indirectly.  Suppose  that 
a  rectangular  bar  with  height  b  and  width  a 
(the  thickness  is  not  essential)  is  lying  on  a  hori- 
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zontal  plane.  At  a  height  h  we  apply  a  horizon¬ 
tal  force  F.  Simultaneously,  a  friction  force 
Q  equal  in  magnitude  to  F  appears  if  the  latter 
does  not  exceed  the  maximum  friction  force  at 
rest:  |  Qmax  |  =  k  |  P  |  (Fig.  1.6a). 


Fig.  1.6 


Since  F  and  Q  do  not  lie  along  the  same  straight 
line,  they  produce  a  moment  |  F  |  h  which 
tends.  t-ru  tjirji*  a wj*  the.  har.  <\J nckwise, .  The.  lar/gin 
the  force  |  F  |  and  the  higher  up  the  bar  it  is 
applied  to,  the  larger  is  the  overturning  moment. 

If  only  the  force  couple  |  F  |  and  |  Q  |  existed, 
the  bar  would  turn  over  whatever  force  F. 
In  fact,  a  force  of  a  certain  magnitude  must  be 
applied  to  overturn  the  bar.  Hence,  a  moment 
exists  that  prevents  the  bar  from  overturning. 
The  origin  of  this  moment  can  be  understood  quite 
easily. 

The  moment  of  couple  of  forces  F  and  Q  acts 
so  as  to  raise  the  left  edge  of  the  bar  and  press 
the  right  edge  to  the  plane.  As  a  result,  reaction 
force  R  applied  vertically  upwards  to  bar  base 
and  equal  in  magnitude  to  the  force  of  gravity 
P  now  will  no  longer  pass  through  both  the  centre 
of  the  bottom  face  and  bar’s  centre  of  gravity. 
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Instead  it  will  pass  through  a  point  somewhat  to 
the  right  (Fig.  1.6&).  The  larger  the  modulus  of 
F,  the  larger  the  overturning  moment  and  the 
further  to  the  right  must  be  displaced  R  for 
the  bar  not  to  be  turned  over.  Depending  on  the 
relationship  between  the  magnitudes  of  a,  b , 
h  and  F,  two  cases  are  possible: 

(1)  The  magnitude  of  force  F  will  attain  the 
value  of  |  Qmax  |  =  k  |  P  |  earlier  than  R  leaves 
the  limits  of  support’s  contour.  Then  the  bar 
will  move  along  the  plane  without  turning  over. 

(2)  Support  reaction  reaches  the  right-hand 
boundary  of  the  bar  bottom  before  |  F  |  equals 
k  |  P  |  .  Then  the  moment  of  the  force  couple 
R  and  P  will  not  compensate  for  the  moment  of 
the  couple  F  and  Q  and  the  bar  will  be  overtur¬ 
ned. 

Among  other  things,  this  suggests  an  unsophis¬ 
ticated  technique  for  determining  the  friction 
coefficient  between  the  bar  and  the  surface  it 
stands  on. 

Let  us  apply  force  |  F  |  slightly  exceeding 
k  |  P  |  at  the  bottom  face  of  the  bar.  The  bar 
will  then  be  set  in  uniform  motion.  Let  us  now 
gradually  raise  the  point  where  force  F  is  applied 
(you  can  try  this  easily  using  a  shoe-box).  At  a 
certain  height  the  bar  begins  to  turn  over  with¬ 
out  slipping. 

Let  us  write  down  the  “boundary  conditions” 
which  will  describe  transition  from  one  mode  to 
another,  i.e.  the  balance  of  forces  and  moments, 
which  will  be  defined  with  respect  to  an  axis  pas¬ 
sing  perpendicular  to  the  plane  of  the  figure  and 
through  bar’s  centre  of  gravity,  and  considered 
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as  positive  if  the  bar  is  rotated  clockwise  and 
negative  if  the  bar  is  rotated  anticlockwise: 

|  R  |  —  |  P  |  =  0, 

|  Q  |  -  |  F  |  =  0,  (F  =  AP), 

iF>  (*-t)+|Q| 4 — i r i -f -ip i 

X  0  =  0. 

Hence  the  friction  coefficient  is 
k  —  a/2h. 

This  expression  shows  that  the  experiment  will 
not  succeed  with  every  type  of  bar:  the  friction 
coefficient  can  only  be  found  in  this  way  if  the 
bar’s  height  b  is  such  that 

b  >a/2k. 

For  example,  for  a  cube  where  alb  =  1  the 
friction  coefficient  cannot  be  found  by  the  “over¬ 
turning  technique”  since  in  the  majority  of  real 
cases  the  friction  coefficient  is  smaller  than  1/2. 
However,  this  experiment  can  be  realized  with  a 
rectangular  bar  whose  faces  are  appropriately  po¬ 
sitioned. 

Now  let  us  formulate  the  sophism.  Suppose 
that  there  is  a  ball  and  not  a  bar  on  a  horizontal 
plane.  It  has  only  one  point  of  contact  with  the 
plane,  therefore  the  support  reaction  force  and 
the  force  of  gravity  of  the  body  will  always  pass 
through  this  point.  This  suggests  that  the  moment 
of  couple  of  forces  R  and  P  (or  the  sum  of  the  mo¬ 
ments  of  these  forces  with  respect  to  the  contact 
point)  vanishes.  Hence,  even  if  very  small,  any 
force  exerted  onto  the  ball  must  set  it  in  rotation, 
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In  other  words,  the  rolling  friction  coefficient 
must  always  vanish!  Yet  in  reality  this  coefficient, 
though  much  less  than  that  of  sliding  friction, 
is  nevertheless  greater  than  zero. 

Where  is  the  fault  in  our  reasoning? 

1.12.  What  Is  the  Force  Exerted 
by  a  Table’s  Legs? 

Figure  1.7  shows  a  table  resting  on  a  tilted  plane. 
Let  the  force  of  gravity  P,  applied  to  the  centre 
of  gravity  C  of  the  table,  be  replaced  by  two 
forces  Fx  and  F2  parallel  to  P  and  passing  through 


Fig.  1.7 


the  ends  of  the  table’s  legs,  i.e.  points  A  and  B 
(Fig.  1.7a).  The  moduli  of  the  forces  Fx  and  F2 
must  sum  to  |  P  |  and  their  ratio  must  be  inverse¬ 
ly  proportional  to  the  distances  from  A  and 
B  to  the  line  showing  the  direction  of  force  P 
(the  latter  statement  presumes  that  the  table 
does  not  rotate  with  respect  to  the  axis  passing 
through  its  centre  of  gravity  perpendicular  to  the 
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plane  of  the  figure).  Decomposing,  at  points  A 
and  5,  forces  F1  and  F2  into  components  (not 
shown  in  the  figure)  perpendicular  and  parallel 
to  the  tilted  plane,  we  make  sure  that  the  pres¬ 
sure  forces  exerted  at  A  and  B  by  table’s  legs  on 
the  tilted  plane  prove  to  be  different. 

UiwAynn,  the.  forms,  as.  shawm 

in  Fig.  1.76:  at  first  decompose  the  force  of  gra¬ 
vity  P  into  the  components  Px  and  P2.  The  com¬ 
ponent  Pj  acts  so  as  to  set  the  table  in  motion 
along  the  tilted  plane  and,  since  the  table  is  at 
rest,  it  is  compensated  for  by  friction  force.  By 
decomposing  P2  into  the  components  Rx  and  R2 
which  pass  through  points  A  and  5,  we  see  that 
these  forces  (the  forces  of  the  pressure  of  the  ta¬ 
ble’s  legs  on  the  tilted  plane)  are  equal. 

Thus,  the  pressure  exerted  by  the  table’s  legs 
appears  to  be  dependent  not  only  on  the  force  of 
gravity  of  the  table,  but  also  on  the  way  of  de¬ 
composing  the  forces  which  conclusion  contradicts 
both  common  sense  and  experience.  Hence,  one 
of  our  arguments  is  faulty. 

Which  one? 


1.13.  A  Mysterious  Lever 

Let  a  lever  (Fig.  1.8)  be  balanced  by  the  forces 
F2  and  F2.  A  force  F3  applied  to  the  lever  end 
along  its  length  is  commonly  believed  not  to  dis¬ 
turb  the  equilibrium.  However,  we  can  “prove” 
this  to  be  wrong! 

Let  us  take  the  resultant  of  forces  F2  and  F3 
(call  it  RJ  and  the  force  Fx,  extend  it  to  intersect 
at  point  C  and  add  them.  We  then  get  a  force 
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R2,  which  is  the  resultant  of  all  three  forces: 


The  figure  depicts  that  the  extension  of  force 
R2,  and  hence  its  moment  relative  to  the  lever’s 

C 


F, 


'1 


Fig.  1.8 

pivot  0 ,  does  not  vanish.  Therefore,  the  lever 
must  rotate  clockwise. 

Is  this  conclusion  true? 


1.14.  A  Troublesome  Reel 

People  who  are  engaged  in  needlework  know 
about  the  strange  behaviour  of  reels  of  cotton 
that  have  rolled  under  a  piece  of  furniture.  When 
you  try  to  retrieve  the  reel  by  pulling  at  the  thread 
keeping  it  horizontal,  the  reel  obediently  rolls  out 
of  its  “hide-out”.  Yet  try  pulling  it  by  a  thread 
at  an  angle  and  you  will  see  the  peculiar  phe¬ 
nomenon  of  the  reel  hiding  even  deeper.  Why  does 
the  reel  behave  in  this  odd  way? 
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Note .  If  you  try  an  experiment,  you’d  better 
use  a  nearly  full  reel  and  the  angle  should  not  be 
too  small. 


1.15.  Was  Aristotle  Right? 

The  famous  Greek  philosopher  Aristotle  who 
lived  in  the  4th  century  B.C.  (384-322)  is  known, 
not  without  reason,  as  The  Father  of  Science.  His 
contribution  to  the  development  of  natural  science 
including  physics  is  tremendous.  However, 
Aristotle’s  views  and  deductions  do  not  coincide 
with  those  accepted  now.  Let  us  take  one  of  his 
arguments  as  an  example. 

He  argued  that  a  stone  falls  with  a  certain 
velocity.  If  we  fix  another  stone  on  top  of  the 
original  one,  then  the  upper  stone  will  push  the 
lower  one,  so  the  lower  one  will  fall  faster. 

Meanwhile,  it  has  now  been  strictly  established 
that  all  bodies,  irrespective  of  their  mass,  fall 
with  the  same  acceleration,  i.e.  in  a  given  inter¬ 
val  of  time  their  velocities  increase  by  the  same 
value. 

What  is  then  the  error  Aristotle  made? 


1.16.  Will  a  Bar  Move? 

Consider  two  bars  with  masses  Mt  and  M2 
resting  on  a  horizontal  perfectly  smooth  surface 
(Fig.  1.9).  Let  us  apply  a  force  F  to  the  left  bar 
so  that  it  acts  through  this  bar  on  the  right  one. 
According  to  Newton’s  third  law  the  second  bar 
will  react  upon  the  first  one  with  an  equal  and 
opposite  force  — F.  Since  there  is  no  friction  (the 
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surface  is  perfectly  smooth),  the  resultant  force 
R  acting  upon  the  left  bar  is  balanced  by  the 


’mmzmmm, 

Fig.  1.9 


sum  of  the  applied  force  F  and  the  reaction  force 
— F  of  the  second  bar: 

R  =  F  +  (  —  F)  =  0. 


Whence  the  acceleration  of  the  left  bar  is 


Thus,  however  large  the  force  F,  it  will  never 
shift  Afj?! 


1.17.  What  Force  Is  Applied  to  a  Body? 

A  force  is  applied  to  a  body  2  kg  in  mass  and 
increases  its  velocity  from  10  to  20  m/s  in  5  s 
in  a  distance  of  30  m.  What  is  the  magnitude  of 
this  force?  Assume  friction  is  negligibly  small 
and  the  directions  of  both  the  force  and  the  dis¬ 
placement  are  identical. 

At  first  sight  this  is  a  common  problem  which, 
as  is  often  the  case,  can  be  solved  in  several  ways, 
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For  example,  it  can  be  solved  on  the  basis  of  dy¬ 
namic  considerations  (in  other  words,  starting 
from  Newton’s  second  law): 

F  =  ma=m  . 

Putting  in  the  numerical  values  we  get 

F  =  2  kg  20  m/s  ~  10  m/s  __4  n 
6  5  s 

The  principle  of  energy  conservation  can  also 
be  used.  By  equating  the  work  done  by  the  force 
to  the  increase  in  the  body’s  kinetic  energy  we 
have 


Fs  = 


mv\  mv\ 

2  ~~2~  ’ 


whence 

F  = 

On  substituting  in  the  numerical  values,  we  find 
that 

F  =  -  (400  m2/s2—  100  m2/s2)  =  10  N. 

z  x  oU  m  N 

Why  does  this  problem  have  two  different  so¬ 
lutions?  Is  it  possible  that  the  two  different  an¬ 
swers  are  “right”  simultaneously? 
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1.18.  Two  Hand-Carts 

Newton's  second  law  states  that  equal  forces  im¬ 
part  equal  accelerations  to  bodies  of  equal  masses. 
Why  then  does  the  hand-cart  shown  in  Fig. 


a 


b 


Fig.  1.10 

1.10a  pick  up  speed  slower  than  the  hand-cart 
shown  in  Fig.  l.lOfc,  while  their  masses  are  the 
same? 

1.19.  What  Is  the  Acceleration 
of  the  Centre  of  Gravity? 

Three  identical  balls  Mx,  M2  and  Mz  are  suspend¬ 
ed  on  weightless  springs  I  and  II  one  beneath 
the  other  so  that  the  distances  AB  and  BC  are 
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equal  (Fig.  1.11)  and  the  system’s  centre  of  grav¬ 
ity  matches  that  of  ball  M2.  If  the  thread  fas¬ 
tened  to  ball  Mx  is  cut,  then  the  whole  system 
begins  to  fall  due  to  gravity. 


Fig.  1.11 


The  acceleration  of  the  system’s  centre  of  gravity 
(it  is  also  called  the  centre  of  mass  or  the  centre 
of  inertia)  is  found  by  dividing  the  sum  of  the 
external  forces  acting  on  the  system  by  its  mass: 

_  _  M1g  +  M2g  +  M3g  SMg 

~  Mi  +  iH2  +  M3  -  3 M 

However,  the  arguments  given  below  seem 
to  disprove  this  conclusion. 

In  reality,  spring  I  pulls  up  ball  M2  stronger 
than  spring  II  pulls  it  down,  since  their  tensions 
before  and  after  the  thread  is  cut  are  |  fr  |  = 
2M  |  g  |  and  |  fn  |  =  M  |  g  |  ,  respective- 
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ly.  Hence  M2  (i.e.  the  system’s  centre  of  gravity) 
must  fall  with  an  acceleration  smaller  than  g. 
How  can  this  contradiction  be  resolved? 


1.20.  A  Swift  Cyclist 

A  cyclist  is  able  to  develop  a  thrust  of  100  N 
without  any  special  effort.  If  the  friction  force  is 
a  constant  equal  to  50  N  and  the  mass  of  the  cy¬ 
clist  and  his  bicycle  is  100  kg,  then  the  accelera¬ 
tion 


a 


100  N  — 50  N 
100  kg 


0.5  m/s2. 


Given  this  acceleration  the  velocity  after  20 
min  of  cycling  will  be 

v  =  0.5  m/s2  X  1200  s  =  600  m/s. 


Why,  this  is  the  velocity  of  rifle’s  bullet! 


1.21.  Following  an  Example  by  Munchhausen 

We  heartily  laugh  when  we  read  how  the  boast¬ 
ful  Baron  Munchhausen  drags  himself  and  his 
horse  out  of  a  swamp  by  pulling  his  hair  up. 
But  does  not  a  cyclist  mounting  a  pavement  act 
in  the  same  way?  Indeed  when  the  front  wheel  of 
his  bicycle  approaches  pavement  he  pulls  up  the 
handle-bars,  the  front  of  the  bicycle  rising,  and 
the  cyclist  can  move  from  the  road  to  pavement 
without  dashing. 

Why  does  the  cyclist  succeed  where  Munchhau¬ 
sen  fails? 


1.  Mechanics 


31 


11 


1.22.  The  Enigma  of  Universal  Gravitation 
Forces 

The  law  of  gravitation  can  be  written 

F  —  y  m-im2 
T  i?2  • 

By  analyzing  this  relationship  we  can  easily 
arrive  at  some  interesting  conclusions:  as  the 
distance  between  the  bodies  tends  to  zero  the 
force  of  their  mutual  attraction  must  rise  without 
limit  to  infinity. 

Why  then  can  we  lift  up,  without  much  effort, 
one  body  from  the  surface  of  another  body  (e.g., 
a  stone  from  the  Earth)  or  stand  up  after  sitting 
on  a  chair? 

1.23.  Which  High  Tides  are  Higher? 

High  and  low  tides  are  well-known  to  be  due  to 
the  attraction  of  water  by  both  the  Sun  and  the 
Moon.  The  Sun  is  390  times  farther  from  the 
Earth  than  the  Moon,  while  the  Sun’s  mass  is 
27  X  106  times  that  of  the  Moon,  so  that  every 

object  on  Earth  is  attracted  to  the  Sun  = 

180  times  stronger  than  they  are  to  the  Moon. 

Therefore  high  tides  due  to  the  Sun  should  be 
higher  than  ones  due  to  the  Moon.  However,  in 
fact  the  tides  due  to  the  Moon  are  higher. 

How  can  this  paradox  be  explained? 
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1.24.  In  What  Way  Is  Work  Dependent  on 
Force  and  Distance? 

When  two  quantities  A  and  B  are  directly  pro¬ 
portional,  the  relationship  is  expressed  thus 

A  =  kB, 

where  k  is  called  the  proportionality  factor. 

The  amount  of  work  A  produced  by  a  force  F 
along  a  distance  S  is  proportional  to  both  the 
force  and  the  distance.  Hence,  two  equalities 
must  be  satisfied,  i.e. 

A  =  kxF  (1) 

and 

A  =  k2S.  (2) 

By  multiplying  these  equalities  term  by  term  we 
get 

A 2  =  kfaFS.  (3) 

Let  us  denote  the  product  k1k2  as  k\.  Then  equ¬ 
ality  (3)  can  be  rewritten 

A2  =  klFS. 

By  taking  the  root  of  both  sides  of  the  equation 
we  get 

A  =  k3VFS,  (4) 

i.e.  the  work  is  proportional  to  the  square  root 
of  the  product  of  the  force  and  the  distance 
covered. 
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But  this  is  not  the  whole  of  it!  Another  manip¬ 
ulation  is  possible.  Let  us  divide  Eq.  (2)  by 
Eq.  (1),  viz., 

1  =  k*s 
kxF  • 

By  denoting  the  ratio  kjkx  as  /c4  we  get 
F  =  kkS  (5) 

which  means  that  the  force  gets  larger,  the  great¬ 
er  the  distance  covered  due  to  its  effect. 

How  could  you  explain  all  these  absurdities? 


1.25.  A  “Violation”  of  the  Law  of  the 
Conservation  of  Energy 

The  following  argument  seems  to  prove  a  viola¬ 
tion  of  the  law  of  the  energy  conservation. 

Suppose  that  a  resting  hand-cart  of  mass  m 
is  hit  by  and  retains  a  projectile  of  the  same  mass. 
The  projectile  had  been  flying  horizontally  be¬ 
fore  the  collision  at  a  velocity  v  in  the  same  direc¬ 
tion  as  the  hand-cart.  As  a  result  of  this  impact 
the  hand-cart  and  projectile  will  together  set  in 
motion  at  an  initial  velocity  which  can  be  found 
from  the  law  of  the  conservation  of  momentum 


Hence,  the  kinetic  energy  of  the  hand-cart  and 
projectile  together  is 
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while  before  the  collision  the  projectile  had  a  ki¬ 
netic  energy  of 


i.e.  twice  as  large.  Thus,  after  the  collision  half 
the  energy  has  vanished  altogether. 

Can  you  say  where  it  has  gone? 


1.26.  A  Mysterious  Disappearance  of  Energy 

By  lifting  up  a  bucket  of  coal  to  a  third  floor  stove 
we  increase  the  potential  energy  of  the  coal  by 
about  800  J  (the  force  of  gravity  on  the  coal  is 
about  80  N  and  it  is  raised  by  about  10  m). 
Where  will  this  additional  potential  energy  go  to 
when  this  coal  is  burnt  in  stove? 


1.27.  The  Paradox  of  Rocket  Engines 

Modern  liquid-propellant  rocket  engines  devel¬ 
op  a  thrust  of  about  2000  N,  with  a  kilogram  of 
the  propellant  and  oxidizer  mixture  being  burnt 
per  1  s.  Hence,  at  the  minimum  velocity  needed 
for  launching  an  Earth  artificial  satellite  (orbi¬ 
tal  velocity  is  about  8  km/s)  the  power  devel¬ 
oped  per  kilogram  of  burnt  mixture  must  be 

N  =  Fu  =  2000  N  X  8000  m/s  =  16 
X  106  J/s  =  16,000  kW  =  16  MW 

Meanwhile,  the  heat  of  combustion  of  the  com¬ 
monly  used  mixture  of  kerosene  and  nitric  acid 
is  about  6300  kJ/kg  (about  1500  kcal/kg),  i.e. 
burning  one  kilogram  of  the  mixture  per  second 
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ensures  “only”  6300  kW  or  2.5  times  less  than  the 
above  value. 

How  can  you  explain  that  at  orbital  velocity 
the  propellant  yields  2.5  times  more  energy  than 
it  is  supposed  to? 


1.28.  Where  Is  the  Energy  Source? 

In  order  to  lift  a  body  above  the  ground  work 
must  be  done  to  increase  the  body’s  potential 
energy.  This  work  comes  from  different  sources. 
For  example,  an  elevator  draws  its  energy  from 
the  main  power  network,  an  aircraft  takes  off 
utilizing  the  energy  developed  when  fuel  is  oxi¬ 
dized  (burnt)  in  its  engine. 

But  what  is  the  source  of  the  energy  used  to 
raise  stratospheric  and  meteorological  sounding 
balloons  having  no  engines? 


1.29.  A  Hoop  and  a  Hill 


By  rolling  down  a  hill  of  height  If  a  hoop’s  poten¬ 
tial  energy  decreases  by  mgll.  If  friction  is  neglig¬ 
ibly  small,  then  its  kinetic  energy  will  be  in¬ 
creased  by  the  same  value,  i.e. 


Whence  the  final  velocity  of  the  hoop  is 

v  =  V2 JH. 


If  H  is  set  to  be  4.9  in,  find 
v  —  Y 2  x  9.8  m/s2  x  4.9  m  9.8  m/s. 
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However,  in  practice  the  velocity  of  a  hoop 
that  has  rolled  down  such  a  hill  is  about  7  m/s, 
i.e.  about  one  and  a  half  less.  Such  a  large  discrep¬ 
ancy  cannot  be  explained  as  being  due  to  fric¬ 
tion.  Then  what  is  the  real  reason? 


1.30.  Brickwork  Paradox 

In  order  to  build  a  cornice  a  bricklayer  lays  bricks 
one  onto  another  so  that  part  of  each  brick  juts 
out  over  the  one  beneath.  It  is  interesting  to 
know  how  much  the  top  brick  can  overhang  the 
lower  one  without  using  cement,  mortar,  lime  or 
other  binder? 

At  first  sight  it  would  seem  that  it  is  not  too 
much,  about  half  a  brick.  However,  in  reality, 
with  sufficient  bricks  the  top  brick  can  overhang 
the  lowest  one  by  as  much  as  is  desired! 

Try  to  prove  this. 


1.31.  What  Is  True? 

The  following  expressions  can  be  used  to  calcu¬ 
late  centripetal  acceleration: 

^2 

a  =  —  and  a  =  co2/?. 

IX 

The  first  equation  shows  that  centripetal  accel¬ 
eration  is  inversely  proportional  to  the  distance 
between  the  moving  point  and  the  rotation  axis, 
while  the  second  equation  suggests  the  opposite, 
that  is  acceleration  is  directly  proportional  to 
rotation  radius.  But  surely  only  one  equation  can 
be  true! 
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1.32.  Is  This  Engine  Possible? 

Suppose  that  water  flows  down  the  bent  tube 
shown  in  Fig.  1.12.  Since  it  moves  along  an  arc 
a  centripetal  force  acting  from  the  side  of  tube 


A 


B 


Fig.  1.12 

walls  onto  water  arises.  In  turn,  according  to 
Newton’s  third  law  there  must  exist  an  equal 
and  opposite  in  direction  force,  which  is  some¬ 
times  called  the  centrifugal  force  which  acts  from 
the  side  of  the  water  onto  tube  walls.  In  the  fig¬ 
ure  this  force  is  R. 

Will  the  system  be  set  in  motion  due  to  R? 

1.33.  Where  Will  a  Car  Overturn 
after  a  Sudden  Turn? 

The  more  suddenly  a  car,  motorcycle,  or  bicycle 
has  to  turn,  the  larger  the  centripetal  force  will 
be  needed  to  keep  it  upright  and,  unfortunately, 
the  more  likely  the  vehicle  is  to  overturn.  It 
can  be  stated  for  sure  that  the  larger  the  centri¬ 
petal  force  during  a  turn,  the  more  probable  is 
an  accident. 
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However,  does  not  it  seem  strange  that  the  di¬ 
rection  in  which  the  car  overturns  is  always  oppo¬ 
site  to  the  direction  of  the  centripetal  force,  i.e. 
by  steering  abruptly  to  the  left  a  car  will  usual¬ 
ly  overturn  on  its  right  side  and  vice  versa? 
How  can  you  explain  the  contradiction? 

1.34.  A  Simple  Derivation 

of  the  Pendulum  Formula 

In  physics  textbooks  the  formula  for  the  period 
of  swing  of  a  pendulum  is  given  without  proof. 
Meanwhile  it  is  possible  to  suggest  a  simple  deri¬ 
vation  of  the  dependence  of  oscillation  period  on 
the  pendulum ’s  length  and  the  acceleration  due 
to  gravity.  This  derivation  does  not  require  any 
advanced  mathematics  and  we  now  present  it. 

At  small  deflection  angles  (and  it  is  only  for 
such  conditions  that  the  conventional  pendulum 
formula  is  valid)  the  arc  AB  (see  Fig.  1.13)  can 
be  approximated  by  the  chord  AB .  Given  the 
isosceles  triangle  AOB  it  is  possible  to  write 

AB  ~  2 OB  cos  a  —  21  cos  a. 

The  pendulum’s  motion  over  this  distance  can 
be  considered  to  be  a  uniformly  accelerated  one, 
since  the  projection  Px  of  the  force  of  gravity 
P  onto  the  direction  of  the  pendulum’s  motion, 
i.e.  along  AB>  is 

Px  —  |  P  |  cos  a  =  to  |  g  |  cos  a. 

Hence,  the  modulus  of  the  pendulum’s  accelera¬ 
tion  along  AB  will  be 

|  a  |  =  I  g  |  cos  a. 
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Under  a  uniformly  accelerated  motion  time, 
distance,  and  acceleration  are  related 

« -  /?• 

By  substituting  into  this  equation  the  accele¬ 
ration  value  for  motion  along  AR  and  its  length 


and  taking  into  account  that  the  pendulum  period 
is  four  times  longer  than  the  time  it  takes  to 
travel  along  AB,  we  get 

f  T 
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Wiry  then  does  the  formula  in  the  textbooks 
contain  the  factor  2n,  i.e.  about  6.28,  instead  of 
8? 

1.35.  Conical  Pendulum 

A  centrifugal  machine  has  a  disc  with  a  wire  arc 
fastened  on  its  axis.  From  the  midpoint  of  the 


arc  a  small  ball  of  mass  m  is  suspended  on  a  thread 
of  length  Z.  When  disc  is  at  rest  the  thread  falls 
plumb  along  the  machine  axis.  When  the  machine 
is  rotated,  the  thread  with  the  ball  on  its  end 
begins  to  describe  a  cone  in  space  (whence  the 
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name  conical  pendulum)  making  an  angle  a 
with  the  vertical  as  shown  in  Fig.  1.14.  Let  us 
find  the  angle  when  the  angular  velocity  of  the 
rotation  is  co. 

The  ball  is,  evidently,  acted  upon  by  only  two 
forces,  i.e.  the  thread  tension  force  T  and  the 
force  of  gravity  P  =  mg.  Their  resultant  F  is 
a  centripetal  force.  Since  the  ball  moves  within 
the  horizontal  plane,  the  forces  F  and  P  form  a 
right  angle.  Therefore 

|  F  |  =  |  P  |  tan  a  =  m  |  g  |  tan  a. 

By  Newton’s  second  law  the  modulus  of  the 
resultant  F  can  be  expressed  via  the  centripetal 
acceleration  of  the  ball  a  =  co2i?  =  co2Z  sin  a 
as  follows 

|  F  |  =  mco2/  sin  a. 

By  equating  both  expressions  for  the  modulus  of 
F  we  have 

mo)2Z  sin  a  =  m  |  g  |  tan  a 
or,  after  reducing  by  m  sin  a: 


This  expression  rearranges  to 


cos  a  = 


J1L 

c on  ■ 


Assume  the  thread  is  0.2  m  long,  while  the  an¬ 
gular  rotation  velocity  of  the  centripetal  ma¬ 
chine  is  3.5  rad/s.  Then 


cos  a  — 


9.8  m/s2 
3.52  s~2x0.2  m 
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However,  mathematics  only  allows  the  value 
of  the  functions  up  to  unity! 

What’s  the  matter?  Why  does  physics  “conflict” 
with  mathematics? 


1.36.  Are  Transversal  Waves  Feasible 
in  Liquids? 

A  textbook  once  stated  that  “longitudinal  waves 
can  propagate  in  solids,  liquids  and  gases  be¬ 
cause  changes  in  their  volumes  produce  elastic 
forces.  Changes  in  shape  in  gases  and  liquids  pro¬ 
duce  no  elastic  forces,  therefore  elastic  transver¬ 
sal  waves  cannot  propagate  in  them”. 

Meanwhile,  somewhat  earlier  in  the  same  text¬ 
book  it  was  stated  that  “If  you  throw  a  stone  in¬ 
to  a  pond,  you  will  observe  circular  transversal 
waves  propagating  from  the  point  where  the 
stone  entered  the  water”. 

Thus,  the  author  of  the  textbook  contradicts 
himself  first  giving  an  example  of  transversal  waves 
in  a  liquid  and  then  denying  they  can  exist. 

Which  of  his  two  assertions  is  true? 


1.37.  Do  We  Hear  Interference 
in  This  Experiment? 

A  textbook  describes  the  following  experiment. 
When  a  ringing  tuning  fork  is  slowly  rotated 
around  its  longitudinal  axis  and  placed  closely  to 
your  ear  you  will  distinctly  hear  the  sound  get¬ 
ting  periodically  louder  and  softer.  This  textbook 
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states  that  the  observed  effect  is  due  to  inter¬ 
ference  of  the  waves  coming  from  the  tuning 
fork's  two  prongs.  Let  us  consider  whether  this 
is  true. 

For  the  sound  to  be  softer  due  to  interference 
of  the  waves  coming  from  different  prongs,  the 
oscillations  must  arrive  with  a  path  difference  of 
half  a  wavelength.  For  example,  if  the  tuning 
fork  oscillates  at  a  frequency  of  440  Hz  and  the 
velocity  of  sound  is  340  m/s,  such  a  path  differ¬ 
ence  can  be  produced  along  the  distance  of  about 
0.4  m,  while  the  separation  between  the  tuning 
fork’s  prongs  is  only  about  2-3  cm. 

Does  this  mean  that  the  phenomenon  observed 
has  nothing  to  do  with  interference? 


1.38.  Why  Is  the  Sound  Intensified? 

Generally,  the  sound  produced  by  a  tuning  fork  is 
so  weak  that  it  can  only  be  heard  in  its  immediate 
vicinity.  However,  if  the  tuning  fork  is  fastened 
to  a  resonator,  i.e.  a  rectangular  wooden  box, 
its  sound  will  be  audible  in  quite  a  large  room. 

Where  does  the  “extra”  energy  come  from? 
Have  we  not  encountered  here  a  violation  of  the 
law  of  the  conservation  of  energy? 


1,39.  Will  the  Buggy  Move? 

Let  a  buggy  of  the  shape  shown  in  Fig.  1.15  be 
filled  with  water  or  other  liquid — the  heavier, 
the  better — e.g.  mercury.  The  average  pressure 
on  the  right-  and  left-hand  walls  is  the  same 
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since  it  is  due  only  to  the  height  of  the  liquid  col¬ 
umn  and  its  density.  However,  the  right-hand 
wall  is  larger  in  area,  therefore  the  pressure  exer- 


Fig.  1.15 


ted  upon  it  is  larger.  This  is  why  the  buggy  seems 
to  move  to  the  right. 

But  isn’t  it  a  perpetual  motion  engine? 


1.40.  Why  Are  Submarines  Uncomfortable? 

People  who  have  read  A  Thousand  Leagues  be¬ 
neath  the  Sea  by  Jules  Verne  probably  remember 
how  the  comfortable  and  spacious  rooms  aboard 
the  submarine  Nautilus  delighted  Professor  Aro- 
nax  when  he  was  brought  on  board  her. 

A  spacious  dining  room,  a  library  as  large,  a 
saloon,  comfortable  cabins,  broad  passage-ways, 
and  a  colossal  machine  room. 

This  is  quite  unlike  modern  submarines  two 
thirds  or  even  three  quarters  of  whose  internal 
space  is  occupied  by  equipment.  Crew  members 
may  not  even  have  their  own  hammocks,  gen¬ 
erally  sharing  them  with  crewman  on  watch.  The 
cramped  conditions  aboard  submarines  literally 
fetter  every  movement.  This  is  why  only  the  most 
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hardy  people  are  chosen  to  serve  on  submarines. 

Why  then  are  more  spacious  submarines  not 
constructed?  The  reason  does  not  appear  to  be 
either  to  save  living  space  or  to  ensure  Spartan 
living  on  a  warship,  since  surface  warships  (bat¬ 
tleships  and  cruisers)  have  spacious  mess-rooms 
and,  in  any  case,  each  crewman  has  his  own  per¬ 
manent  place  for  lodging  and  recreation. 

What  prevents  submarine  rooms  from  being 
made  more  spacious? 

1.41.  Has  Water  to  Press  onto  Vessel’s  Bottom? 

Only  a  few  people  know  that  until  the  end  of  his 
life  Galileo  Galilei  (1564-1642)  had  doubts  as  to 
fhfc  stance  nf*^mnyj]hf\jv  .  Thfchunojm 

of  discovering  is  due  to  Evangelista  Torricelli 
(1608-1647),  Galileo’s  outstanding  disciple. 

Galileo  supported  his  belief  with  the  following 
argument.  An  imaginary  volume  of  water  (or  any 
other  liquid)  inside  a  larger  volume  is  acted  upon 
by  two  opposing  forces,  i.e.  the  force  of  gravity 
and  the  buoyancy  force.  According  to  Archi¬ 
medes’  principle  these  forces  are  balanced,  there¬ 
fore  the  volume  is  at  equilibrium,  i.e.  it  does  not 
float  or  sink.  We  could  say  that  water  in  water  is 
weightless.  But  how  can  something  weightless 
exert  pressure  onto  lower  layers? 

Analogously,  air  in  air,  Galileo  went  on,  “be¬ 
ing  itself  weightless”1*,  cannot  exert  pressure  on 

x)  We  put  this  phrase  into  quotation  marks,  since 
we  have  not  used  the  expression  literally:  nor  did  Gali¬ 
leo  have  doubts  about  the  air  ponderosity.  Moreover,  he 
was  the  first  to  determine  its  density  (1637).  Yet,  how¬ 
ever  strange  it  may  sound,  Galileo  did  not  believe  in  the 
existence  of  atmospheric  pressure. 
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lower  layers  and,  finally,  on  the  Earth’s  surface. 
What  is  the  fault  in  Galileo’s  arguments? 


1.42.  Hydrostatic  Paradox 

Figure  1.16  depicts  two  vessels  shaped  like  right 
truncated  cones.  Each  vessel  has  a  mass  m  of 


Fig.  1.16 


400  g,  a  height  h  of  30  cm,  but  different  base  areas, 
Sx  =  200  cm2  and  S2  —  50  cm2.  The  bottom 
of  the  first  vessel  is  the  larger  base,  the  bottom  of 
the  second  one — the  smaller  base. 

Let  us  fill  both  vessels  with  water.  Since  the 
liquid  levels  in  both  vessels  have  the  same  height, 
the  pressures  p  exerted  on  the  bottom  will  cer¬ 
tainly  be  the  same  and  equal  to 


p  =  Dgh  =  103  kg/m3  x  9.8  m/s2  X  0.3  m 
-  2940  N/m2  -  2.94  kPa. 
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Now  let  us  calculate  the  moduli  of  the  forces 
Fx  and  F2  due  to  the  water  pressure  on  the  bot¬ 
toms  of  both  vessels: 

I  F,  |  -  pSx  =  2.94  x  103  N/m2  x  2 
X  10-2  m2  *=  58.8  N, 

|  F2  |  -  pS2  =  2.94  X  108  N/m2  X  5 
X  10-3  m2  =  14.7  N. 

Since  the  weight  of  each  vessel  is  |  P  |  =* 
m  |  g  |  —  0.4  kg  x  9.8  m/s2  =  3.92  N,  we 
would  seem  to  have  found  that  the  first  vessel 
exerts  pressure  on  its  support  with  a  force  whose 
absolute  magnitude  is 

|R1|=|F1|-^|P|  =  58.8  N  +  3.92  N 
«  62.7  N, 

while  the  second  vessel  exerts  a  force  of 
!  Ra  I  =  I  F2  |  +  I  P  |  =  14.7  N  x  3.92  N 
«  18.6  N, 

i.e.  about  3.5  times  less. 

Thus,  if  we  put  the  vessels  on  the  weighing 
scales,  the  first  vessel  should  overbalance  the  sec¬ 
ond,  though  they  are  identical  (except  that  one 
vessel  is  an  upside  down  version  of  the  second), 
The  volume  of  a  truncated  pyramid  is 

F  =^-(r*  +  r1r2  +  i)/l=-l(<yi  +  f^'2  +  52)/l 

—  -  j-  (200  cm2  +  Y 200  cm2  x  50  cm2  +  50  cm2) 
X  30  cm  =  3500  cm3 
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and  so  the  weight  of  water  in  both  vessels  should 
be 

|  P0  |  =  VDg  =  3.5  x  10-3  m3  x  103  kg/m3 
X  9.8  m/s2  =  34.3  N 

while  the  weight  of  each  vessel  together  with 
water  should  be 

|  P0  |  +  |  P  |  =  34.3  N  +  3.92  N  «  38.2  N. 

Thus,  the  first  vessel  presses  down  on  its  support 
with  62.7  N  — 38.2  N  =  24.5  N  more  force  than 
it  should,  while  the  second  vessel  exerts 
38.2  N  —18.6  N  =  19.6  N  less  force. 

That’s  sheer  nonsense,  as  if  an  object’s  weight 
(here  that  of  a  water-filled  vessel)  changes  if 
rotated  180°  around  a  horizontal  axis?! 

This  contradiction  to  common  sense  was 
called  hydrostatic  paradox.  Although  some  histo¬ 
rians  have  ascribed  its  discovery  to  the  French 
physicist,  mathematician,  and  philosopher  Blaise 
Pascal  (1623-1662),  it  was  in  fact  detected  and 
properly  explained  by  the  Dutch  scientist  Si¬ 
mon  Stevin  (1548-1620),  who  became  famous  for 
his  work  on  mathematics,  mechanics,  and  engi¬ 
neering.  The  misunderstanding  is  due  to  the  fact 
that  Pascal  was  unaware  of  Stevin’s  work,  and 
constructed  and  described  the  device  to  demon¬ 
strate  the  hydrostatic  paradox. 

What  is  the  origin  of  the  paradox? 

1.43.  A  Physicist’s  Error 

“Errare  humanum  est”  (to  err  is  human)  states 
the  Latin  proverb.  And  indeed,  even  the  great 
people  make  errors  as  can  be  seen  from  the  exam- 
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pies  in  Problems  1.15  and  1.41.  Here  is  another 
example. 

At  the  beginning  of  the  twentieth  century  air¬ 
ships  and  air  balloons  were  filled  with  hydrogen. 
In  the  battles  of  the  First  World  War  they  be¬ 
came  easy  targets,  since  if  they  were  hit  by  bullets 
or  projectiles,  the  hydrogen  invariably  exploded 
destroying  the  balloon  and  its  crew.  The  losses 
were  so  great  that  soon  the  belligerents  were 
forced  to  stop  using  the  air  balloons  for  military 
purposes. 

However,  a  strange  airship  then  appeared  over 
London:  she  was  hit  repeatedly  but  with  no  ca¬ 
tastrophic  consequences.  It  turned  out  that  the 
Germans  started  using  helium-filled  airships  in 
1918. 

When  this  became  known,  one]  physicist  said: 
“Helium  is  twice  as  heavy  as  hydrogen,  hence 
the  aerodynamic  lift  of  balloons  must  be  halved”. 
In  fact,  the  aerodynamic  lift  of  a  helium  balloon 
is  practically  the  same  as  that  of  a  hydrogen  bal¬ 
loon. 

How  can  this  be  explained? 


1.44.  The  Mystery  of  Garret  Windows 

This  is  what  a  reader  of  the  Soviet  magazine 
Knowledge  is  Power  wrote  about:  “In  autumn  and 
winter  the  wind  blows  so  strongly  in  our  village 
that  tiles  fall  off  roofs. 

“We  were  discussing  how  to  save  tiling,  when 
an  old  man  said:  4  You  need  to  put  garret  windows 
in  the  pediments.  ’  We  were  astonished  at  this  ad¬ 
vice  yet  began  to  check  it  only  to  find  that  whe¬ 
rever  there  were  garret  windows  the  tiling  was 
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safe  and  sound,  elsewhere  they  had  lost  tiles. 
What  is  the  matter?” 

Can  you  explain  the  “mystery”  of  the  garret 
windows? 

1.45.  Why  Do  Velocities  Differ? 

We  are  not  astonished  if  the  velocities  of  ships 
going  in  the  same  direction  are  different — this 
can  be  explained  by  a  difference  in  design  and  en¬ 
gine  power. 

But  why  can  rafts  which  have  no  engines  float 
down  the  river  with  different  velocities,  too? 
It  has  been  even  noticed  that  the  heavier  the 
raft  the  higher  its  velocity. 

Why  is  this? 
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2.1.  Do  Sunken  Ships  Reach  the  Bottom? 

All  bodies  are  known  to  contract  under  pressure: 
gases  do  so  most,  liquids  less  so  and  solids  are 
the  most  resistant  to  compression. 

Does  not  all  this  suggest  that  the  ships  which 
sink  in  deep  waters  may  never  reach  the  bottom 
since  at  great  depths  water  is  so  compressed  that 
its  density  exceeds  that  of  the  metal  used  to  con¬ 
struct  the  ship? 

Professor  Aronax,  whom  we  mentioned  in  Prob¬ 
lem  1.40,  stated  that  during  his  imprisonment 
aboard  the  submarine  Nautilus  he  observed  ghost 
ships  suspended  between  the  ocean’s  surface  and 
the  bottom. 

Could  the  Professor’s  statement  have  been  a 
reality? 


2.2.  What  Is  the  Temperature 
at  High  Altitudes? 

Even  the  first  balloonists,  who  rose  to  compara¬ 
tively  low  altitudes  above  the  Earth’s  surface, 
noted  a  decrease  in  air  temperature.  At  altitu¬ 
des  of  a  few  kilometres,  which  is  the  height  of 
modern  passenger  jets,  the  temperature  is  so  low 
that  passengers  would  be  simply  frozen  to  death 
were  not  the  airplane  cabins  properly  heated. 
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However,  at  higher  altitudes  the  so-called  in¬ 
version  happens,  i.e.  the  air  temperature  begins 
to  rise  up.  And  at  a  height  of  a  few  hundred  kilo¬ 
metres  the  air  molecules  possess  velocities  cor¬ 
responding  to  temperatures  of  several  thousand 
degrees  Centigrade! 

Why  then  do  artificial  satellites,  flying  for 
long  periods  of  time  at  such  altitudes,  neither 
melt  nor  burn  away? 

2.3.  In  Spite  of  the  Thermal  Laws. . . 

There  are  three  identical  Dewar  vessels  A ,  B , 
and  C.  Two  of  them  contain  one  litre  of  water 
each  at  temperatures  80  °C  and  20°C,  respective¬ 
ly.  Vessel  D  with  walls  that  conduct  heat  perfect¬ 
ly  is  empty.  It  is  small  enough  to  fit  inside  the 
three  Dewar  vessels. 

Is  it  possible,  by  manipulating  the  four  ves¬ 
sels,  to  heat  the  cold  water  using  the  hot  one  un¬ 
til  its  final  temperature  is  higher  than  the  final 
temperature  of  the  hot  water?  The  water  in  ves¬ 
sels  A  and  B  must  not  be  mixed. 

Generally  the  problem  is  thought  to  be  unsol- 
vable  because  heat  transfer  can  only  occur  “by 
itself”  from  hot  bodies  to  cooler  ones  and  stops 
as  soon  as  the  temperatures  of  both  bodies  are 
the  same.  Nevertheless,  the  problem  can  be  sol¬ 
ved. 

Try  to  find  out  the  solution. 

2.4.  Why  Doesn’t  Thermal  Insulation  Help? 

A  copper  tube  with  an  outer  diameter  of  1  cm 
serves  as  a  vapor  transfer  line.  To  lower  thermal 
losses  it  was  blanketed  with  a  5  mm  thick  layer 
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of  thermal  insulation.  However,  the  losses  not 
only  decreased  but,  quite  the  reverse,  increased. 
Why  is  this  the  case? 


2.5.  Which  Scale  is  More  Advantageous? 

In  some  countries  temperature  is  measured  using 
the  scale  proposed  in  1730  by  the  French  physi¬ 
cist  Rene  Antoine  Reaumur  (1683-1757).  In 
this  scale  the  melting  point  of  ice,  as  in  the  Cel¬ 
sius  scale,  is  fixed  as  0°,  but  water  is  assumed  to 
boil  at  80°  R2)  under  normal  pressure. 

Let  us  calculate  the  amount  of  heat  needed  to 
heat  100  g  of  water  to  the  boiling  point  from  its 
melting  point. 

Using  the  International  System  of  Units  (SI) 
and  the  Celsius’  scale,  we  get 

Qx  =  0.1  kg  X  4.19  kJ/(kg.°C)  x  100°C 
=  41.9  kJ. 

The  same  calculations  performed  with  the  Re¬ 
aumur  scale  yield 

Q2  -  0.1  kg  X  4.19  kJ/(kg*°R)  x  80°R 
=  33.5  kJ, 

i.e.  in  the  latter  case  we  appear  to  heat  water  by 
expending  8.4  kJ  less  heat. 

Is  this  the  case? 


2)  In  fact,  the  Swedish  astronomer  Anders  Celsius 
(1701-1744)  proposed  a  scale,  for  which  the  boiling  point 
of  water  was  denoted  as  0°,  while  the  ice  melting  point  as 
100°  The  Celsius  scale  was  updated  in  1745  by  Celsius’ 
compatriot  Martin  Stromer  (1707-1770). 
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2.6.  What  Is  the  Source  of  the  Work? 

A  system  in  order  to  perform  work  needs  energy 
by  the  law  of  energy  conservation.  Thus,  to  lift 
a  piston  by  expanding,  the  gas  under  a  piston  in  a 
cylinder  needs  to  lie  heated. 

However,  sometimes  the  same  results  can  be 
achieved  by  acting  oppositely.  If  we  fill  iron 
ball  with  water  and  seal  it  hermetically  and  then 
cool  down  the  ball  to  below  0°C  by  taking  away 
heat,  the  freezing  water  will  break  the  ball,  i.e. 
it  will  perform  work. 

Where  is  the  energy  source  for  destroying  the 
ball? 


2.7.  Does  a  Compressed  Gas  Possess 
Potential  Energy? 

In  many  trolleybuses,  buses,  and  trams  the  doors 
are  opened  and  shut  by  compressed  air.  Very  of¬ 
ten  it  is  also  used  to  drive  the  brakes. 

Any  work  can  only  be  done  at  the  expense  of 
an  energy  source  (from  the  formula  A  =  Fs 
we  can,  in  reality,  calculate  the  amount  of  energy 
transferred  from  one  body  to  another)  and  some¬ 
times  one  can  hear  that  “compressed  air  per¬ 
forms  work  at  the  expense  of  the  potential  ener¬ 
gy”.  However,  this  statement  is  profoundly  fal¬ 
lacious. 

In  fact,  around  room  temperature,  moderately 
compressed  air  is  like  an  ideal  gas,  whose  inter¬ 
nal  energy  is  independent  of  volume,  since  the 
forces  of  interaction  between  its  molecules  are 
absent.  Therefore  under  compression  or  expansion 
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the  internal  energy  of  air  does  not  practically 
change. 

Then  what  is  the  source  of  the  energy  for 
brakes  and  doors? 

2.8.  Again  Energy  Vanishing. . . 

Bending  a  steel  strip  we  transfer  energy  to  it. 
If  we  place  a  bent  strip  in  a  glass  so  that  the  walls 
do  not  allow  the  strip  to  straighten  and  pour  con¬ 
centrated  sulphuric  acid  into  the  glass,  the  strip 
will  gradually  dissolve  and  the  energy  stored  in 
it  will  vanish,  too. 

But  can  energy  vanish  in  reality? 

2.9.  Where  Does  the  Energy  of  the  Fuel  Burnt 
in  a  Rocket  Disappear? 

Let  us  imagine  a  vertically  installed  rocket.  The 
thrust  developed  by  its  engines  can  vary  widely. 
By  regulating  the  fuel  feed  it  is  possible  to  pro¬ 
duce  a  thrust  identical  to  the  rocket’s  weight. 
In  such  a  case  the  rocket,  like  “Muhammad’s 
coffin”,  which,  according  to  Islamic  belief,  le¬ 
vitates  without  any  support,  will  hang  poised 
over  the  Earth’s  surface  without  falling  or  ri¬ 
sing. 

A  seeming  paradox  arises:  fuel  is  burnt  in  the 
engines  to  yield  thrust,  but  the  work  produced 
according  to  the  formula 

A  =  Fs 

is  zero,  since  there  is  no  displacement  due  to 
force. 

Then  where  does  the  burnt  fuel  energy  disap¬ 
pear? 
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2.10.  Can  a  Body’s  Temperature  Be  Increased 
Without  Heat  Being  Transferred 

to  the  Body? 

The  question  in  the  heading  might  sound  ab¬ 
surd,  just  like  “Can  we  heat  a  body  without  hea¬ 
ting  it?”.  For  all  its  seemingly  absurd  nature, 
the  answer  is  yes. 

Try  to  produce  examples  of  a  body  whose  tem¬ 
perature  rose  without  heat  exchange  with  envi¬ 
ronment! 

2.11.  From  What  Metal  Should 
a  Soldering  Iron  Be  Made? 

we  can  check  that  the  heat  capacity  of  iron  is 
about  20%  larger  than  copper’s.  Consequently, 
for  an  equal  mass  and  heating  temperature  the 
internal  energy  store  in  a  soldering  iron  made  of 
iron  is  20%  larger  than  one  made  of  copper. 

Then  why  are  soldering  irons  made  of  more  ex¬ 
pensive  copper  instead  of  cheap  iron? 

2.12.  A  Negative  Length 

The  linear  dimensions  of  bodies  change  with 
temperature,  viz. 


h  =  h(  1  +  <*<)• 

Suppose  that  the  temperature  falls  to  t  —  — 


By  substituting  this  temperature  into  the  first 
expression  we  arrive  at 


2.  Heat  and  Molecular  Physics 


57 


Then  let  us  lower  the  temperature  still  fur¬ 
ther.  Could  a  body’s  dimensions  become  nega¬ 
tive? 

2.13.  Is  the  Law  of  the  Energy  Conservation 
Valid  in  All  Cases? 

Figure  2.1  depicts  two  tubes  differing  in  the  posi¬ 
tions  of  their  bulges.  If  we  pump  air  from  the 
tubes,  immerse  their  open  ends  in  a  cup  filled 


with  mercury,  and  open  taps,  then  atmospheric 
pressure  will  drive  mercury  into  the  tubes.  The 
work  performed  is,  as  is  known  from  a  physics 
textbook, 

A  =  pV, 

where  p  is  atmospheric  pressure,  and  V  is  the  vo¬ 
lume  filled  with  mercury.  If  the  internal  volumes 
of  the  tubes  and  their  bulges  are  the  same,  the 
work  done  to  lift  the  mercury  up  will  be  the 
same. 
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However,  the  level  of  mercury  in  the  left-hand 
tube  will  be  higher  than  that  in  the  right-hand 
one,  whence  it  follows  that  for  the  same  work  per¬ 
formed  the  change  in  the  potential  energy  of  the 
tubes  is  different.  This  statement  seems  in  evi¬ 
dent  contradiction  with  the  law  of  the  energy 
conservation. 

What  is  the  fault  in  the  above  analysis? 


2.14.  The  Mystery  of  Capillary  Phenomena 

By  immersing  the  end  of  a  fine  (capillary)  glass 
tube  in  water  you  will  observe  the  water  column 
in  the  tube  to  rise.  The  height  to  which  the  water 
rises  is  inversely  proportional  to  tube’s  diameter 
and  in  very  fine  capillaries  it  may  be  metres 
high.  As  water  rises  there  are  no  visible  changes 
either  in  the  tube  or  the  water. 

What  energy  source  makes  capillary  phenome¬ 
na  feasible? 


2.15.  “Clever”  Matches 

Pour  pure  water  into  a  neatly  washed  plate  (if 
there  is  no  distilled  water,  thoroughly  boiled 
water  will  do)  and  throw  a  few  matches  onto  the 
water  surface. 

If  you  touch  the  water  between  the  matches 
with  a  sugar  lump,  the  matches,  as  if  they  have  a 
sweet  tooth,  will  approach  the  sugar.  Yet  if  you 
touch  water  with  soap,  the  matches  scatter  in 
every  direction. 

How  can  the  “intelligent”  behaviour  of  these 
inanimate  objects  be  explained? 
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2.16.  How  Is  a  Wire  Drawn? 

Figure  2.2  is  a  sketch  of  how  a  thin  wire  is  drawn 
from  a  thick  one.  As  can  be  seen  from  the  figure, 
the  cross  section  of  wire  rod  is  decreased  by  pas- 


Fig.  2.2 


sing  it  through  a  die  hole.  Naturally  we  might 
ask:  why  notwithstanding  the  huge  stresses  need¬ 
ed  to  draw  the  wire,  does  the  thin  wire  that 
has  passed  through  the  die  not  break,  while  the 
thick  one  is  deformed? 


2.17.  Boiling  Water  Cools  Down  Ice 

What  happens  when  hot  water  is  poured  onto  ice? 
It  seems  obvious  that  the  ice  will  melt  either  to¬ 
tally  or  partially.  However,  if  the  amount  of  hot 
water  is  not  large  and  the  ice’s  temperature  is 
well  below  0°C,  the  ice  will  not  be  melted  but 
only  somewhat  heated.  Yet  how  can  you  explain 
the  unexpected  result  obtained  below? 
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Suppose  a  litre  of  boiling  water  having  the 
temperature  of  100°C  is  poured  into  a  jug  contai¬ 
ning  1.3  kg  of  ice  at  0°C.  The  jug  has  a  mass  of 
1  kg  and  is  made  from  a  material  with  a  specific 
heat  capacity  of  0.838  kJ/(kg-°C).  What  tempera¬ 
ture  will  be  set  in  the  jug  after  the  water  and  ice 
have  mixed? 

We  set  up  a  thermal  balance  equation:  the  heat 
given  up  by  hot  water  is  1  kgx4.19  kJ/  (kg-°C) 
X  (100°C  — £),  the  heat  obtained  by  the  jug 
is  1  kg  x  0.838  kJ/(kg-°C)  t,  the  heat  needed 
to  melt  the  ice  is  1.3  kg  x  335  kJ/kg,  the  heat 
needed  to  heat  the  water  produced  from  the  ice 
is  1.3  kg  x  4.19  kJ/(kg*°C)  t . 

From  the  law  of  the  conservation  of  energy  we 
get: 

1  kg  x  4.19  kJ/(kg.°C)  (100°C  —  t)  =  1  kg 
X  0.838  kJ/(kg.°C)  t  +  1.3  kg  x  335  kJ/kg 
-f  1.3  kg  X  4.19  kJ/(kg*°C)  t. 

By  solving  this  equation  we  find  that  t  = 
—  1.6°C,  i.e.  the  boiling  water  has  cooled  the 
ice.  How  can  this  strange  result  be  explained? 


2.18.  Why  Does  Water  Evaporate? 

Heat  transfer  from  one  body  to  another  occurs 
only  when  there  is  a  temperature  difference  be¬ 
tween  them.  Therefore  it  seems  incomprehensible 
why  water  in  a  plate  or  a  glass  having  the  tempe¬ 
rature  of  the  surrounding  air  is  gradually  evapo¬ 
rated.  You  know  that  in  order  to  evaporate  a  liq¬ 
uid  heat  has  to  be  transferred  to  it  but  the  wa- 
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ter  cannot  obtain  it  from  the  environment  be¬ 
cause  their  temperatures  are  the  same. 

Then  why  does  the  water  evaporate? 

2.19.  An  Italian  Question 

An  Italian  student  was  asked  during  an  exam: 
“As  you  know,  the  boiling  point  of  olive  oil  is 
higher  than  the  melting  point  of  tin.  Explain 
why  it  is  possible  to  fry  food  in  olive  oil  in  a 
pan.”  (The  best  Italian  saucepans  are  made  from 
tinned  copper.) 

What  is  the  answer? 

2.20.  How  Can  Water  Be  Boiled  More 
Efficiently? 

It  is  known  that  the  boiling  point  of  water  falls 
with  pressure.  Why  then  do  we  not  pump  the  air 
out  of  saucepans? 

This  would  allow  economizing  on  fuel,  wouldn’t 
it? 

2.21.  Is  It  Possible  to  Be  Burnt  by  Ice 
or  to  Melt  Tin  in  Hot  Water? 

Paradoxically  enough  both  these  phenomena  are 
possible. 

Could  you  explain  under  what  conditions? 


2.22.  How  Much  Fuel  Will  Be  Spared? 

An  inventor  has  learnt  about  three  inventions: 
the  application  of  the  first  one  would  save  30% 
fuel,  the  second  one  would  spare  25%,  while  the 
third  one  would  spare  45%.  Our  man  decided 
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to  construct  a  machine  to  combine  all  three  in¬ 
ventions  and  he  aimed  to  spare  30%  +25%  + 
45%  =  100%. 

To  what  degree  are  the  hopes  of  the  inventor 
justified? 


2.23.  How  Many  Heat  Capacities  Has  Iron? 

Two  iron  balls  with  the  same  diameter  are  heated 
from  20°C  to  100°C.  One  is  placed  on  a  horizon¬ 
tal  plane,  while  the  other  one  is  suspended  by  a 


z/z////////// 


Fig.  2.3 

virtually  inextensible  thread  (Fig.  2.3).  It  would 
seem  that  the  formula 

AQ  =  me  At 

implies  that  the  heat  transferred  to  the  balls 
must  be  identical.  In  fact,  the  quantity  of  heat 
transferred  to  the  first  ball  is  somewhat  larger. 
This  means  that  the  heat  capacity  of  the  iron  used 
to  manufacture  the  first  ball  is  also  larger,  al¬ 
though  the  balls  were  cut  from  a  single  ingot. 

Why  might  this  be?  What  is  the  heat  capacity 
given  for  iron  in  tables? 
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2.24.  Why  Heat  Stoves? 

Suppose  that  in  late  autumn  you  visit  your  da¬ 
cha  in  the  country.  You  find  the  temperature  in 
the  rooms  to  be  about  0°C  and  decide  to  warm  the 
room  using  the  stove.  Let  us  calculate  the  chan¬ 
ges  in  the  internal  energy  of  the  air  in  the  room  if 
the  thermometer’s  mercury  column  climbs  to 
the  level  of  20°C. 

As  we  mentioned  in  Problem  2.7,  under  near-to- 
normal  conditions  (i.e.  at  temperatures  close  to 
0°C  and  under  pressures  of  about  105  Pa)  air  be¬ 
haves  like  an  ideal  gas,  whose  internal  energy  is 
proportional  to  the  mass  m  and  absolute  tempera¬ 
ture  T  of  the  gas 

U  =  a  mT , 

where  a  is  a  proportionality  factor  dependent  on 
the  gas  and  it  can  be  shown  that  it  is  equal  to 
the  quantity  of  heat  needed  to  heat  a  unit  mass 
of  the  gas  by  one  degree  Centigrade  at  a  constant 
volume;  therefore  in  thermodynamics  it  is 
called  the  specific  heat  capacity  at  a  constant  vol¬ 
ume  and  denoted  as  Cv. 

When  the  rooms  of  dacha  are  heated  the  air 
warms  and  expands,  so  some  of  it  passes  under  the 
closed  doors,  and  through  cracks  in  the  walls  and 
windows.  The  mass  of  air  inside  a  room  is 
changed,  but  the  volume  of  the  rooms  and  the 
air  pressure  remain  constant.  Therefore  the  change 
in  the  air’s  internal  energy  can  be  written  as 


A U  —  U2  — U1  —  am2T2  — a m1T1 

=  a  ( m2T2  — mJJ. 
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To  solve  the  latter  equation,  we  use  Clapey- 
ron’s  equation: 

PV=^-RT 

r 

Since,  as  we  noted  above,  the  pressure  in  the 
room  always  remains  the  same  as  the  external 
one  and  the  volume  of  the  room  is  constant 
(only  the  mass  of  air  is  changed),  we  obtain 

m2T2  —  miTi  =  =  const. 

Thus,  the  firewood  is  burnt  but  the  internal  ener¬ 
gy  of  the  air  in  the  room  remains  unaffected. 

Nevertheless,  we  do  heat  living  rooms. 
Where  does  the  energy  which  is  released  by  burn¬ 
ing  the  firewood  go? 

2.25.  Why  Is  Such  a  Machine  Not  Constructed? 

It  is  clear  why  no  one  has  been  able  to  construct 
a  machine  which  operates  without  any  energy 
source.  The  impossibility  of  a  perpetual  motion 
machine  results  from  the  law  of  the  energy  con¬ 
servation  whose  validity  is  supported  by  the 
century-old  experience  of  the  whole  mankind. 

However,  why  has  nobody  succeeded  in  design¬ 
ing  a  machine  working  by  the  cooling  sea  water? 
The  prospect  seems  tempting! 

The  volume  of  water  in  the  oceans  of  the  world 
is  1.37  X  109  km3  (about  l/800th  of  the  total 
volume  of  our  planet).  By  assuming,  for  simplici¬ 
ty,  that  the  density  of  sea  water  is  the  same  as 
that  of  fresh  water,  we  find  the  mass  of  water  is 
about  1.4  x  1021  kg.  Since  the  heat  capacity  of 
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water  is  about  4.2  kJ/(ker^K)v,on  coolinff^all  the 
water  in  the  oceans  by  1  K 

1.4  x  1021kg  X  4.2  x  103  J/(kg*K)  X  IK 
«  6  x  1024J 

of  heat  would  be  released. 

Since  all  the  electric  power  stations  in  the 
world  generate  “only”  about  2  X  1019  J  per  year 
this  means  that  cooling  the  oceans  would  re¬ 
lease  so  much  energy  that,  at  present  consumption 
levels,  it  would  be  enough  to  last  mankind  for 
hundreds  of  millennia.  Practically  this  sort  of 
dnxica  w/y  jM.  h/t  a.  oA  m/iAi/yj.  ma¬ 

chine.  In  scientific  terms  it  is  called  a  perpetual 
motion  machine  of  the  second  kind. 

In  passing  note  that  such  a  machine  would  not 
violate  the  law  of  the  conservation  of  energy. 

2.26.  When  Is  Car’s  Efficiency  Higher? 

The  maximum  efficiency  of  a  heat  engine  with  a 
heater  and  cooler  can  be  calculated  from  the  fol¬ 
lowing  formula 


where  Tx  and  T2  are  the  absolute  temperatures  of 
the  heater  and  cooler,  respectively. 

This  expression  shows  that,  the  temperature 
of  the  heater  remaining  the  same,  the  heat  en¬ 
gine’s  efficiency  increases  as  the  cooler’s  tempera¬ 
ture  falls. 

Why  then  does  a  car  (which  is  also  a  heat  en¬ 
gine)  consume  much  more  petrol  in  winter  than 
in  summer?  The  temperature  of  atmospheric 
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air,  which  is  car’s  cooler,  is  noticeably  lower  in 
winter,  while  the  temperature  of  the  gases  pro¬ 
duced  by  the  combustion  of  petrol  is  the  same 
both  in  winter  and  in  summer. 

2.27.  Is  Maxwell’s  Demon  Feasible? 

The  last  two  sophisms  show  that  for  a  heat  engine 
to  work  there  must  be  two  bodies  with  different 
temperatures,  i.e.  a  heater  and  a  cooler.  If  there 
is  no  temperature  difference,  the  heat  engine  will 
not  operate,  which  is  formally  a  result  of  the  for¬ 
mula  for  efficiency  given  in  the  last  problem. 

However,  is  it  impossible  to  design  a  device 
in  which  a  temperature  difference  can  arise  in¬ 
side  it  as  a  result  of  the  engine  operation  itself? 
The  English  physicist  James  Clark  Maxwell 
(1831-1879)  proposed  one  in  the  mid-1800’s. 

Let  us  imagine,  Maxwell  wrote,  two  chambers 
separated  by  a  trap  door  (Fig.  2.4).  The  trap 


x 

_£ 


Fig.  2.4 

door  has  a  control  mechanism  (Maxwell  called  it 
a  demon)  that  can  distinguish  between  fast  and 
slow  molecules.  If  the  demon  opens  and  shuts 
the  trap  door  so  that  fast  molecules  are  allowed 
to  go  from  right  to  left,  while  slow  molecules 
are  allowed  to  go  in  the  opposite  direction,  then 
after  a  while  all  the  fast  molecules  will  be  in  the 
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left-hand  chamber,  while  all  the  slow  ones  will 
be  in  the  right-hand  chamber.  As  a  result,  the 
temperatures  in  the  two  chambers  will  be  differ¬ 
ent,  since  a  gas’s  temperature  depends  on  the 
velocities  of  its  molecules. 

However,  a  temperature  difference  would  in¬ 
duce  an  operation  of  heat  engine.  After  the  tem¬ 
peratures  in  both  chambers  were  equalized  by 
the  operation  of  the  engine,  the  process  of  sorting 
the  molecules  could  be  repeated  and  so  on  until 
the  machine  wears  out. 

Thus  we  would  have  a  perpetual  motion  ma¬ 
chine,  would  we  not? 


Chapter  3 

Electricity  and  Magnetism 


3.1.  Is  Coulomb’s  Law  Valid? 

The  force  F  attracting  the  plates  of  a  parallel 
plate  air  capacitor  can  be  calculated  by  multi¬ 
plying  the  charge  Q  of  one  plate  by  the  electric 
strength  E  of  the  field  produced  by  the  charge  on 
the  second  plate,  i.e. 

F  =  QE. 

For  a  parallel  plate  capacitor  the  field  between 
the  plates  is  uniform  and  the  field  strength  is 
independent  of  the  distance  between  the  plates, 
viz. 


where  e0  is  the  dielectric  constant  and  S  is  the 
plate  area  (this  and  the  following  formulas  are 
written  for  SI  units).  Therefore  the  attraction 
force  between  the  plates  must  be  unaffected  by 
changes  in  the  plate  separation. 

Doesn’t  this  contradict  Coulomb’s  law,  i.e. 

F  __  QiQ 2 

according  to  which,  the  force  of  interaction  be¬ 
tween  charges  is  inversely  proportional  to  the 
square  of  distance  R  between  them? 
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3.2.  Should  a  Current  Flow  Through  a 

Conductor  Which  Shorts  Battery  Poles? 

Let  us  consider  the  two  electric  circuits  in  Fig.  3.1. 
If  the  current  does  not  flow  along  conductor 
A1B,  it  will  also  be  absent  in  conductor  A2B, 


I 


Fig.  3.1 


since  they  are  both  connected  to  the  same  points, 
A  and  B . 

If  two  identical  galvanic  cells  are  connected  in 
parallel  there  will  be  no  current  in  either  cell. 
Thus,  there  is  no  current  between  points  C  and 
Z),  as  we  saw  occurs  between  A  and  B  in  the  first 
case.  However,  by  reasoning  in  an  analogous  fash¬ 
ion,  we  would  conclude  that  there  should  also 
be  no  current  in  the  conductor  C3D,  which  is 
connected  to  the  battery,  i.e.  points  C  and  D . 

Does  this  not  contradict  experience? 
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3.3.  Is  the  Current  in  a  Branch  Equal  to  That 
in  the  Unbranched  Part  of  the  Circuit? 

Two  electrical  bulbs  are  connected  as  shown  in 
Fig.  3.2.  By  denoting  the  current  in  Bulb  1  as 


/j  and  that  in  Bulb  2  as  I2  we  can  write 
J\  +  I*  =  I  O’! 

where  I0  is  the  current  in  the  unbranched  part  of 
the  circuit.  By  multiplying  both  sides  of  this 
equation  by  (70  — /j),  we  obtain 

/1/0-/12  +  /0/2-/1/2=:^-/0/1. 

Let  us  transpose  the  third  term  from  the  left- 
hand  side  to  the  right-hand  side: 

hi 0  —i\  -hh  =  n  -hh  —hh- 

Now  we  factor  I±  out  from  the  left-hand  side  and 
/0  from  the  right-hand  side  to  get 

/i  (/ o  1 1  1 2)  =  ^0  (1 0  A  ^2)’ 

By  dividing  both  sides  of  this  equation  by  the 
bracketed  term  we  have 


h  =  /,! 
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Had  we  multiplied  the  initial  equation  by 
(70  — /2)  instead  of  (/0  — Ix)  we  would  have 

h  =  /0i 

What  is  the  matter? 

3.4.  What  Current  Can  an  Accumulator 
Battery  Generate? 

An  accumulator  with  lead-acid  cells  has  an  inter¬ 
nal  resistance  of  0.1  Ohm  and  bears  the  label 
“Emf  4  V,  maximum  discharge  current  4  A”. 

Meanwhile,  by  shorting  the  accumulator 
poles  with  a  conductor  whose  resistance  is  also 
0.1  Ohm  we  would  have 

i  v _ 90  A 

0.1  Ohm  +  0.1  Ohm  1 

i.e.  a  current  5  times  the  value  advertised. 
What  is  the  reason  for  the  discrepancy? 

3.5.  How  Can  Galvanometer  Readings 
Be  Decreased? 

During  a  physics  practical  lesson  the  students  de¬ 
cided  to  measure  temperatures  using  a  thermo¬ 
couple  and  a  galvanometer.  However,  at  the 
end  of  the  experiment  the  temperature  had  risen 
so  much  that  the  galvanometer  pointer  was 
going  off  scale.  To  decrease  the  galvanometer’s 
sensitivity,  one  student  proposed  connecting  in 
parallel  a  resistance  box  with  the  same  resistance 
as  galvanometer.  He  believed  that  the  galvano¬ 
meter  would  then  pass  only  half  the  total  current 
and  the  pointer  would  not  sweep  off-scale.  The 
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proposal  was  accepted,  but  the  young  physicists 
were  surprised  to  find  that  the  resistance  box  did 
not  affect  the  galvanometer  readings.  After  thin¬ 
king  for  a  while,  they  understood  what  had  hap¬ 
pened. 

How  did  they  explain  their  results? 

3.6.  Why  Did  the  Current  Fall? 

To  increase  the  current  flowing  in  a  circuit,  an 
additional  cell  was  connected  in  series  with  the 
galvanic  cell  used  as  the  energy  source.  The  cur¬ 
rent  not  only  did  not  increase,  but,  quite  the  op¬ 
posite,  fell  significantly. 

In  what  case  should  this  be  possible? 

3.7.  What  Is  the  Resistance 
of  an  Electric  Bulb? 

By  measuring  the  resistance  of  a  100  W  electric 
bulb  with  ohmmeter,  a  schoolboy  found  it  to  be 
35  Ohm.  To  check  the  result,  he  decided  to  cal¬ 
culate  the  resistance  from  power  and  the  rated  vol¬ 
tage  (220  V)  indicated  on  the  bulb. 

Using  the  formula  R  =  U2/W,  the  schoolboy 
was  surprised  to  get  484  Ohm,  i.e.  about  14 
times  higher  than  he  had  measured. 

How  can  you  explain  this  difference  in  the  re¬ 
sults? 

3.8.  What  Will  a  Voltmeter  Indicate? 

The  potential  difference  between  any  two  points 
of  an  electric  circuit  can  be  measured  by  a  volt¬ 
meter  connected  to  these  points.  On  the  other 
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hand,  the  voltage  can  be  found  from  Ohm’s  law 
by  multiplying  the  resistance  of  the  section  of 
the  circuit  between  these  points  by  the  current 
running  through  it. 

Consider  a  circuit  composed  of  two  identical 
galvanic  cells  connected  as  shown  in  Fig.  3.3. 


By  denoting  the  electromotive  force  of  the  cells 
as  E  and  their  internal  resistance  as  i?,  the  cur¬ 
rent  in  the  circuit  will  be 

T  =  2E  E 
2R  ~  R  ' 

It  would  seem  that  if  a  voltmeter  is  connected 
to  A  and  B  it  should  indicate  the  potential  differ¬ 
ence 

<Pa  —  Vb  =  IR=-^R=E, 

since  the  current  running  in  the  circuit  is  E/R 
and  the  resistance  of  the  section  of  the  circuit 
connected  in  parallel  with  the  voltmeter  is  i?. 

In  fact,  the  voltmeter  will  read  zero.  A  para¬ 
doxical  situation  that  seems  improbable  at  first 
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sight  has  arisen:  the  circuit  is  passing  current, 
yet  the  potential  difference  between  its  ends  is 
zero. 

Why  is  this  possible? 

3.9.  What  Value  Must  the  Resistance  Have? 

Consider  the  circuit  in  Fig.  3.4.  The  resistance  of 
the  load  is  R  and  the  resistance  of  the  source  is 


R 


Fig.  3.4 

r.  After  rearrangement  we  obtain  the  following 
expression  for  efficiency  of  electrical  power: 

K_  Housed  PR  R 

Wtotal  I2(K  +  r)  '  R  +  r' 

This  formula  can  be  rewritten  as 


The  last  expression  shows  that  the  more  R  ex¬ 
ceeds  r,  the  higher  the  electrical  power  efficiency, 
in  other  words,  the  more  efficient  the  whole  in¬ 
stallation  will  be. 
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Why  then  are  the  load  and  the  source  resis¬ 
tances  matched  to  be  as  equal  as  possible,  even 
though  the  efficiency  will  thus  only  be  50  %? 


3.10,  How  Much  Current  Does 
the  Device  Consume? 

A  device  consuming  50  W  is  connected  through 
another  resistor  of  40  Ohm  to  a  power  supply 
of  120  V. 

Let  us  calculate  the  current  through  the  de¬ 
vice  from  these  data. 

To  solve  the  problem,  note  that  the  voltage 
across  the  device  and  the  voltage  across  the  other 
resistor  must  be  equal  to  the  sum  of  the  network 
voltage,  i.e. 

t^dev  Ures  ~  ^net* 

By  expressing  the  first  term  on  the  left-hand 
side  in  terms  of  the  power  consumed  by  the  de¬ 
vice  divided  by  the  current  running  through  it 
and  the  second  term,  as  the  product  of  the  other 
resistance  and  the  same  current,  we  obtain  the 
following  equation: 

-y-4  = 

All  the  quantities  here  except  for  the  current 
are  known.  By  substituting  in  the  numerical  va¬ 
lues  we  get 

-^-  +  407=120, 

or 

40/2  —120/  +  50  =  0. 
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If  we  solve  this  quadratic  equation  we  obtain 
two  values  for  the  current,  viz.  Ix  =  0.5  A  and 

I2  =  2.5  A. 

Which  current  will  flow  through  the  device? 

3.11.  The  Mystery  of  Electrolysis 

The  following  currents  flow  through  any  cross 
section  drawn  between  electrodes  perpendicular 
to  the  direction  in  which  the  ions  move  in  an  elec¬ 
tro  lylic  bath 

/+  =  q+n+v+  and  /_  =  q.n_v_, 

where  g+  and  q_  are  the  charges  on  the  positive 
and  negative  ions,  respectively,  n+  and  n_  are 
their  concentrations,  and  v+  and  are  their  ve¬ 
locities.  Thus,  the  total  current  is 

/  =  /++/-  =  q+n+v+  +  q_n_v_. 

At  the  same  time  the  deposition  of  substance 
during  electrolysis  occurs  due  to  the  ions  of  a 
single  polarity  neutralized  at  the  electrodes,  for 
example,  positive  ions  will  be  deposited  at  the  ca¬ 
thode.  Therefore,  it  would  seem  that  the  mass  of 
the  substance  deposited  at  the  electrode  has  to 
be  calculated  from  the  current  /+.  Why,  in  fact, 
is  the  total  current,  i.e.  the  sum  I+  -f-  /_,  used 
in  the  calculation? 

3.12.  How  to  Improve  the  Efficiency  of  an 
Electrolytic  Bath 

If  the  electrolytic  current  is  /,  then  the  mass  of 
the  substance  (m)  deposited  on  the  electrodes  du¬ 
ring  time  t  can  be  calculated  from  Faraday’s  law, 
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viz. 

m  —  kit , 

where  k  is  the  substance’s  electrochemical  equi¬ 
valent. 

Suppose  n  identical  baths  are  connected  in  se¬ 
ries.  Since  the  current  in  series  circuit  is  every¬ 
where  the  same,  n  times  more  compound  is  de¬ 
posited  overall  than  in  one  bath. 

Doesn’t  this  mean  that  the  efficiency  of  the 
new  installation  is  n  times  higher  than  that  of  the 
first  one? 

3.13.  Once  More  about  the  Conservation 
of  Energy 

Let  the  capacity  of  each  of  the  capacitors  Cl 
and  C2  shown  in  Fig.  3.5  be  20  fxF  and  switch 


S  be  set  initially  in  position  /.  Capacitor  C2 
is  thus  connected  to  the  battery  B.  If  its  electro¬ 
motive  force  is  100  V,  then  C2  will  store  an  energy 
of 
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If  then  the  switch  is  set  in  position  2 ,  the  ca¬ 
pacitors  will  be  connected  in  parallel  forming  a 
battery  with  the  capacity  of  2  X  20  pF  =  40  pF. 
The  potential  difference  across  the  terminals  will 
be  50  V,  i.e.  half  the  voltage  developed  across 
capacitor  C2,  because  the  initial  charge  is  now 
divided  into  two. 

By  using  these  data  let  us  calculate  from  the 
above  formula  the  energy  stored  in  the  battery, 
i.e. 

W'a,Mxl0-‘2F<»v>-  .0,05,, 

This  is  only  half  the  energy  initially  possessed 
by  capacitor  C2 . 

Where  has  the  other  half  of  the  energy  disap¬ 
peared? 


3.14.  Why  Does  the  Energy 
in  a  Capacitor  Rise? 

A  plane  capacitor  with  a  capacitance  C1 
1  pF  is  made  using  a  thin  glass  plate,  with  a 
relative  dielectric  permittivity  of  erei  =  5,  as 
the  dielectric,  and  is  charged  to  a  potential  differ¬ 
ence  Ux  =  100  V. 

Using  the  formula  given  in  the  last  problem  we 
obtain  for  the  energy  stored  in  the  capacitor 

W ,  =  .10--|  X-^LY?  =  0.005  J. 

When  the  glass  is  removed,  the  capacitance  is 
decreased  by  e  times  to  C2  =  CJe  =  0.2  HF. 
Since  the  capacitor  charge  remains  intact,  the 
potential  difference  between  the  capacitor  plates 
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has  been  increased  as  much  as  the  capacitance 
has  been  decreased  (q  —  CU),  i.e.  to  U2  =  500  V 
Whence,  after  removing  the  dielectric,  we 
have  for  the  capacitor  energy 


W2  = 


0.2  X  10-6  F  X  25  X  104  V2 

2 


0.025  J. 


What  is  the  source  of  the  extra  energy?  The 
capacitor  has  not  been  connected  to  a  current 
source,  has  it? 


3.15.  A  Single-Pole  Magnet 

It  is  commonly  believed  that  each  magnet  must 
have  two  poles,  N  and  S.  However,  the  argument 
below  seems  to  disprove  this. 

Let  us  take  a  steel  ball  and  cut  it  through  from 
the  surface  to  the  centre  into  pyramidal  polyhed- 


ra.  Then  we  magnetize  these  so  that  their  verti¬ 
ces  are  like  poles  and  then  reassemble  the  ball, 
as  shown  in  Fig.  3.6. 

As  a  result,  there  will  only  be  one  pole  on  its 
surface.  Hence,  is  it  possible  to  produce  a  single¬ 
pole  magnet? 
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3.16.  Where  Is  the  Energy  Source 
of  a  Magnet? 

Let  us  bring  a  magnet  from  above  onto  an  iron 
object.  If  the  weight  of  the  object  and  the  dis¬ 
tance  between  it  and  the  magnet  are  not  too  large, 
the  iron  object  will  be  attracted  to  the  magnet. 
If  the  object’s  weight  is  P  and  the  vertical  dis¬ 
tance  to  the  magnet  is  h ,  then  the  work  of  the 
magnet  against  gravity  is  A  =  Ph. 

The  magnitude  of  the  work  in  any  particular 
case  is  not  large,  yet  the  experiment  can  be  re¬ 
peated  as  many  times  as  desired  without  visible 
changes  with  the  magnet  and  its  “magnetic  force” 
does  not  weaken. 

Does  this  not  violate  the  law  of  the  conservation 
of  energy? 

3.17.  Are  the  Resistances 

of  All  Conductors  Identical? 

A  metallic  ring  (Fig.  3.7)  is  placed  in  an  alterna¬ 
ting  magnetic  field.  As  a  result,  an  induction  cur¬ 


rent  arises  in  the  ring,  which  at  a  certain  mo¬ 
ment  is  /. 
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We  choose  two  arbitrary  points  on  the  ring  A 
and  B  and  use  R  to  denote  the  resistance  of  the 
larger  arc  of  the  ring  separated  by  these  points, 
and  r  for  the  resistance  of  the  smaller  arc. 

By  Ohm’s  law,  the  potential  difference  across 
ArB  in  terms  of  the  current  and  the  resistance  of 
the  smaller  arc  is 


a) 


<Pa  —  <Pb  =  Ir. 


The  same  argument  yields  the  potential  differ¬ 
ence  for  larger  arc  BRA ,  viz. 


9a  —  <Pa  =  IR- 


(2) 


Since  both  parts  have  the  same  end  points 
the  left-hand  sides  of  both  equations  must  be 
the  same,  because  each  point  can  only  have  one 
potential  value.  Whence  we  conclude  that  the 
right-hand  sides  of  both  equations  must  be  the 
same,  too,  i.e. 

Ir  =  IB . 

By  cancelling  out  the  current  /,  we  arrive  at 
the  absurdity  that 

r  =  R. 

Note .  It  would  certainly  be  more  logical  to 
equate  both  right-hand  sides  of  eqs.  (1)  and  (2) 
but  with  opposite  signs.  However,  the  final  result 
would  then  be  even  more  absurd,  viz. 

r  =  —  R. 
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3.18.  Does  Transformation  Ratio  Change  for  a 
Variable  Transformer  Load? 

When  a  larger  load  is  connected  to  a  transformer 
power  consumed  from  the  network  is  increased. 
Hence,  the  current  in  the  primary  coil  increases, 
too.  The  higher  current  must  magnetize  transfor¬ 
mer  core  more  strongly  and  while  before  the  max¬ 
imum  magnetic  flux  was  after  the  increase 
in  the  load  it  will  be  <t>2  > 

The  electromotive  force  induced  in  the  secon¬ 
dary  coil  is  determined  by  the  number  of  turns 
and  the  rate  of  change  of  magnetic  flux  in  time: 
AO 


With  the  initial  load  the  magnetic  flux  has 
changed  from  0  to  during  a  quarter  of  a  pe¬ 
riod,  while  for  the  larger  load  it  changed  from  0 
to  0>2.  Since  (J>2  >  0lf  the  rate  of  change  of 
magnetic  flux  is  larger  for  the  larger  load.  There¬ 
fore  the  electromotive  force  induced  in  the  second 
coil  must  also  increase. 

In  practice  the  transformation  ratio  is  inde¬ 
pendent  of  the  load  which  means  that  our  reaso¬ 
ning  was  faulty. 

Where  exactly  did  we  go  wrong? 

3.19.  At  What  Voltage  Does  a  Neon  Lamp 
Ignite? 

To  determine  the  ignition  potential  of  a  neon 
lamp  a  setup  was  assembled  whose  scheme  is  giv¬ 
en  in  Fig.  3.8.  If  the  setup  is  plugged  into  an 
AG  mains  and  the  potentiometer  slide  arm  made 
to  move  upwards,  thus  increasing  the  voltage 
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applied  across  the  lamp,  the  latter  will  flash 
when  the  voltmeter  (an  electromagnetic  one) 


reads  50  V.  If  we  repeat  the  experiment  by  plug¬ 
ging  the  apparatus  into  a  DC  electricity  source, 
the  lamp  will  flash  when  the  voltmeter  pointer 
approaches  70  V. 

What  is  the  actual  ignition  potential  of  a  neon 
lamp? 

3.20.  Which  Ammeter  Readings  Are  Correct? 

The  circuit  in  Fig.  3.9  was  assembled  with  amme¬ 


ters,  one  of  a  moving-coil  type  and  another  of  an 
electrodynamic  type.  Both  devices  were  tested 
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and  there  is  no  doubt  that  they  are  in  good  re¬ 
pair. 

However,  when  the  circuit  was  connected  to 
an  AC  mains  the  second  ammeter  gave  readings 
more  than  one  and  a  half  much  those  on  the  sec¬ 
ond  ammeter. 

What  is  the  reason  for  this  discrepancy? 


3.21.  Why  in  a  Series  Circuit  Is  the 
Current  Different? 

Two  ammeters  A1  and  A2  are  connected  in  the 
circuit  in  Fig.  3.10.  They  are  both  accurate  but 
their  readings  differ  when  switch  S  is  closed. 


Why?  Don’t  they  record  the  same  current  run¬ 
ning  in  the  filament  of  the  electron  tube  shown? 
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3.22.  How  Can  the  Decrease  in  Temperature 
Be  Explained? 

When  the  switch  S  in  the  circuit  in  Fig.  3.10 
is  closed,  filament’s  temperature  falls.  Mean¬ 
while,  this  seems  not  to  be  the  case. 

In  fact,  when  the  switch  is  open,  only  a  fila¬ 
ment  current  If  runs  through  the  filament,  re¬ 
leasing  the  heat  per  unit  time  of 

<?i  =  Ril 

where  R  is  the  filament  resistance. 

When  the  switch  is  closed,  the  current  through 
the  left-hand  half  of  the  filament  increases  by 
0.5  of  anode  current,  while  that  through  the 
right-hand  half  decreases  by  the  same  value  (see 
the  solution  of  the  preceding  problem). 

Hence,  we  do  not  err  much  to  assume  these 
currents  to  be  the  same: 

/i  ==  It  +  0.5/a  and  /2  I{  —  0.5/a. 

Thus,  the  heat  released  by  both  currents  per  unit 
time  is 

<?2  =  4  /21  +  4  =  RPt  +  0.25  i?/|) 

i.e.  more  than  with  the  switch  open. 

Then  why  does  the  temperature  fall? 

3.23.  Why  Is  the  Magnetic  Field  Unchanged? 

A  laboratory  was  investigating  the  behaviour  of 
semiconductors  in  AC  magnetic  field.  In  order  to 
produce  the  magnetic  field  a  coil  was  wound 
around  a  cardboard  spool  and  the  AC  mains  cur- 
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rent  passed  through  it.  Then  an  alternating  mag¬ 
netic  field  is  produced  inside  the  coil  in  which 
a  specimen  can  be  placed. 

Since  it  was  desirable  for  the  experiment  that 
the  magnetic  field  be  as  intense  as  possible,  the 
technical  assistant  wound  three  identical  coils, 
one  on  top  of  the  other,  expecting  to  produce, 
when  connected  in  parallel,  a  field  three  times 
more  intense. 

However,  it  was  demonstrated  that  the  magne¬ 
tic  field  of  the  three  coils  was  about  the  same  as 
that  of  a  single  one.  The  laboratory  head  whom 
the  technical  assistant  asked  for  help  explained 
what  had  happened  although  he  noted  that  the 
triple-coil  circuit  was  not  senseless. 

Why  did  the  field  remain  unchanged  and  why, 
nevertheless,  were  three  coils  better  than  one? 

3.24.  How  to  Check  Fuses? 

In  apartment  No.  19,  where  I  lived,  the  light 
once  went  out  suddenly.  Using  a  control  lamp  it 
was  cleared  up  that  the  electricity  to  the  apart¬ 
ment’s  fuse  box  had  ceased.  Looking  for  the  cause 
of  the  damage  I  went  to  main’s  staircase  fuse 
box  with  the  control  lamp  to  check  the  fuses. 
(A  four-wire  supply  circuit  is  used  in  our  apart¬ 
ment  block  as  shown  in  Fig.  3.11.) 

To  check  the  fuses,  I  reasoned  it  would  be  suf¬ 
ficient  to  plug  the  control  lamp  between  points  A 
and  D .  However,  I  couldn’t  do  this,  because  the 
connections  to  the  “zero”  wire  were  thoroughly 
insulated,  which  I  did  not  want  to  remove. 

Well,  I  decided,  then  the  control  lamp  must 
be  plugged  between  points  A  and  B  or  A  and  C. 
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It  will  only  flash  if  both  fuses  are  in  good  repair, 
those  for  wires  3  and  2  or  3  and  1 ,  respectively. 

To  my  great  surprise,  the  lamp  flashed  in  both 
cases.  It  also  flashed  when  I  plugged  it  between 


ap.  No.  17  ap.  No.  18 


Fig.  3.11 


points  B  and  <7,  although  that  test  was  certainly 
unnecessary. 

Everything  is  clear,  I  thought,  there  is  a  break 
in  the  wiring  between  the  fuse  box  and  my  apart¬ 
ment!  However,  as  I  was  returning  I  rechecked 
my  deductions  and 

Meanwhile,  you  think  it  over,  too. 


3.25.  Why  Did  the  Lamps  Flash? 

Practical  lessons  are  being  held  in  two  adjacent 
rooms.  The  bell  rang  and  the  pupils  took  their 
seats.  One  quickly  assembled  a  circuit  and  after 
showing  to  the  teacher,  he  plugged  it  into  the 
mains.  However,  the  circuit  did  not  work.  Whilst 
the  first  pupil  was  checking  the  connections,  other 
pupils  assembled  and  plugged  their  circuits  into 


88 


Physical  Paradoxes  and  Sophisms 


mains,  yet  none  of  these  operated.  They  soon 
found  out  that  electricity  had  stopped.  Suddenly 
a  current  appeared,  but  the  voltage  was  some¬ 
what  higher  than  normal.  Attempts  to  detect  the 
cause  of  the  distortion  led  to  an  unexpected  “dis¬ 
covery”:  it  turned  out  that  the  mains  voltage  ap¬ 
peared  whenever  an  electric  stove  in  the  room  next 
door  was  plugged  into  the  mains.  Once  it  was 
switched  off,  the  current  disappeared.  The  pupil 
who  was  operating  the  stove  noted  that  it  was 
not  heated  as  much  as  it  should. 

Can  you  help  the  pupils  find  the  cause  of  these 
phenomena? 

3.26.  Why  Are  the  Voltmeter  Readings 
Different? 

A  voltmeter  of  electromagnetic  type  was  plugged 
directly  into  AC  mains,  and  gave  a  reading  of 


Fig.  3.12 


125  V  Then  the  same  voltmeter  was  plugged  into 
the  mains  through  a  rectifier  (for  example,  a  se¬ 
lenium  column  or  germanium  diode)  as  shown  in 
Fig.  3.12. 
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Since  a  rectifier  only  passes  current  in  one  di¬ 
rection,  i.e.  50%  of  total  time,  the  voltmeter 
readings  should,  as  it  would  seem,  be  half  as 
much.  In  fact,  the  voltmeter  gave  a  reading  of 
175  V!  How  can  this  be  explained? 

3.27.  Six  Hectowatts  ‘‘Are  Equal 
to”  Sixty  Kilowatts! 

We  know  that  2  hW  =  200  W  and  3  hW  -  300  W. 
By  multiplying  both  equations  we  obtain 

6  hW  =  60,000  W  or  6  hW  =  60  kW!? 

3.28.  The  Certificate  of  an  Electric  Motor 

The  rating  plate  on  an  AC  motor  contains  the 
specifications:  V  =  220  V,  I  =  5  A,  and  W  = 
0.9  kW. 

However,  if  we  multiply  the  two  first  num¬ 
bers  we  get  1.1  kW. 

Why  then  does  the  plate  indicate  a  power  of 
0.9  kW? 

3.29.  Will  the  Capacitor  Be  Charged? 

Attempts  to  construct  perpetual  motion  machines 
still  continue  in  our  days,  too.  Officials  at  the 
Soviet  Government’s  Committee  for  Inventions 
and  Discoveries  report  on  an  average  of  eight 
patent  applications  per  month  for  such  ma¬ 
chines.  Some  of  these  projects  are  very  interesting. 

This  is  one  example.  It  is  known  that  in  the 
absence  of  an  electric  field  electrons  moving  in 
any  conductor  are  in  a  state  of  perpetual  motion. 
The  total  randomness  of  the  motion  might  lead 
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to  a  situation  in  which  the  upper  part  of  a  con¬ 
ductor  (see  Fig.  3.13)  contains  more  electrons  than 
the  lower  one.  Here  the  question  is  electron  den¬ 
sity  fluctuations.  These  fluctuations  will  result 
in  a  potential  difference  across  the  conductor  ends 


-o 


-o 


Fig.  3.13 

which  can  be  used  to  charge  a  capacitor.  A  de¬ 
tector  will  prevent  the  capacitor  from  discharging 
when  the  potential  difference  across  the  conductor 
ends  changes  sign.  The  charged  capacitor  can 
then  be  used  as  a  source  of  “gratuitous”  energy. 
The  power  will  of  course  be  low,  but  it  is  the 
principle  that  is  important. 


3.30.  A  Strange  Case  of  Iron  Magnetization 

In  1827  a  French  scientist  Felix  Savart  (1791- 
1841)  discovered  that  after  a  Leyden  jar  was  dis¬ 
charged  through  a  wire  wound  around  an  iron 
spoke,  the  spoke  was  often  magnetized.  The 
most  interesting  thing  about  this  was  that  the 
sama  sq/ika  emi  caul/L  a cryiim  eitjipj:  an,  N.-i^ala 
or  an  S-pole,  even  if  the  discharge  current  was 
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always  in  the  same  direction,  the  jar  always  be¬ 
ing  charged  in  the  same  way. 

The  first  exhaustive  explanation  of  the  phe¬ 
nomenon  was  provided  by  the  German  physicist 
Heinrich  Hertz  (1857-1894). 

How  could  he  do  it? 


Chapter  4 

Optics  and  Atomic  Structure 


4.1.  A  Simple  Method 

of  Travelling  into  the  Past 

In  a  science  fiction  story  by  the  French  astronomer 
Camille  Flammarion  (1842-1925)  the  following 
method  of  looking  into  the  past  was  proposed. 

Light  rays  transport  visual  images  of  the  world 
though  very  quickly  but  not  instantaneously,  as 
was  once  believed.  Suppose  an  observer  moves 
away  from  the  Earth.  So  long  as  his  velocity  is 
low,  light  waves  will  catch  up  with  the  experi¬ 
mentalist  and  he  will  see  images  of  events  that 
occurred  on  the  Earth  after  his  departure.  However, 
once  he  starts  moving  fast  enough  he  will  begin 
to  overtake  the  light  waves.  He  will  pick  up 
image  that  overtook  him  and  then  images  of  events 
that  occurred  before  he  left.  The  events  will  thus 
evolve  before  him  in  reverse  order,  i.e.  he  will 
observe  his  departure  from  the  Earth,  will  be 
“present”  at  his  own  birth,  will  be  able  to  observe 
the  events  from  the  distant  past,  and  will  see 
great  personalities  long  since  dead. 

It  is  not  difficult  to  imagine  what  an  invaluable 
aid  this  might  be  to  scholars  studying  the  dis¬ 
tant  past,  historians,  paleontologists,  archeolo¬ 
gists,  i.e.  the  people  who  now  study  the  past 
from  books  and  relics  of  bygone  days. 

This  project  would,  of  course,  require  a  power¬ 
ful  telescope  and  powerful  engines  to  accelerate 
the  rocket  to  the  velocities  needed. 
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Doesn’t  it  seem  to  you  that  our  century,  when 
man  controls  atomic  energy  and  subjugates  outer 
space,  is  the  right  time  to  consider  sending  an 
expedition  into  the  remote  past? 

It  remains  only  to  regret  that  this  “time  ma¬ 
chine”  would  not,  as  Herbert  Wells’s  one  could, 
show  us  the  future! 


4.2.  The  Overalls  of  a  Metallurgist 

Steel  workers  labour  under  hard  conditions,  deal¬ 
ing  with  molten  metal  which  with  the  hot  breath 
could  burn  man  to  a  cinder.  It  would  seem  that 
to  protect  a  steel  worker  at  blast  furnaces,  open- 
hearth  furnaces  his  overalls  should  be  made  of 
a  material  with  low  thermal  conductivity.  How¬ 
ever,  these  overalls  are  often  covered  with  a  thin 
layer  of  a  metal  which  is  an  excellent  heat  con¬ 
ductor. 

What  is  the  reason  for  this? 


4.3.  Where  to  Place  a  Mirror? 

The  closer  to  window  we  stand,  the  more  we  see 
of  the  street.  It  would  be  natural  to  assume  the 
same  situation  happens  when  using  a  mirror. 
Actually,  this  is  not  the  case. 

We  look  in  a  mirror  vertically  hanging  on  the 
wall  and  only  see  down  to  knees.  All  our  attempts 
to  see  more  by  approaching  the  mirror  or  moving 
away  from  it  fail. 

What  is  the  difference  between  these  two  cases? 
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4.4.  An  Uncommon  “Mirror” 

Everybody  knows  that  a  plane  mirror  reflects  light 
rays  back  to  the  light  source  only  if  the  light  is 
incident  normal  to  the  mirror,  i.e.  at  0°.  If  the 
mirror  is  tilted  slightly,  the  reflected  light  rays 
will  miss  the  source.  However,  a  device  can  be 
constructed  to  reflect  light  rays  along  the  path 
they  travelled  whatever  the  angle  of  incidence. 
You  would  be  able  to  see  your  own  reflection  in 
such  a  “mirror”  irrespective  of  your  position  re¬ 
lative  to  the  “mirror”! 

Try  to  design  an  optical  system  that  might 
possess  such  an  interesting  property. 


4.5.  Why  Does  a  Rainbow  Happen? 

When  explaining  the  origin  of  rainbows  it  is 
assumed  that  a  light  ray  falling  upon  a  raindrop 
is  totally  reflected  from  its  back  wall  and  then 
passes  through  the  front  one.  Each  transition 
from  one  medium  to  another  is  accompanied  by 
refraction,  which  results  in  the  origin  of  the  rain¬ 
bow. 

However,  it  can  easily  be  shown  that  after 
one  total  reflection  a  light  ray  can  never  leave 
the  drop  to  return  to  the  air. 

Suppose  a  ray  of  light  enters  a  drop  and  pro¬ 
pagates  along  AB  so  that  the  angle  of  incidence  1 
at  the  drop’s  back  wall,  i.e.  the  angle  ray  AB 
makes  with  radius  OB  (where  O  is  the  centre  of 
the  drop),  exceeds  the  critical  angle  (see  Fig.  4.1). 
Then  at  point  B  we  would  have  total  internal  re¬ 
flection,  after  which  the  light  would  follow  BC . 
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Since  COB  is  an  isosceles  triangle,  we  have 
/_ 3  —  /_2  and,  due  to  the  second  law  of  reflection, 
ZL 2  =  Z_7.  Thus,  if  angle  1  exceeds  the  critical 
angle,  the  same  will  be  true  of  angle  3.  In  other 

A 


C 

Fig.  4.1 


words,  we  would  also  have  total  internal  reflec¬ 
tion  at  C .  The  argument  would  continue  indefi¬ 
nitely. 

How  then  do  you  explain  the  origin  of  a  rain¬ 
bow? 


4.6.  Is  It  Possible  to  Increase  Illumination 
Using  a  Diverging  Lens? 

A  converging  lens  and  a  screen  are  placed  perpen¬ 
dicular  across  a  parallel  beam.  A  circular  spot  of 
differing  diameters  can  be  obtained  on  the  screen 
by  adjusting  the  lens.  Naturally,  when  the  spot’s 
area  is  changed,  the  illumination  within  it  does 
the  same. 
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If  the  illumination  produced  by  the  beam  on 
the  lens  surface  is  Ex,  and  the  lens  diameter  is 


AB  (see  Fig.  4.2),  then  the  light  flux  passing 
through  the  lens  will  be 

<t>  —  -n  (-f  ]-  . 


Since  this  light  flux  is  distributed  on  the  screen 
over  the  area  of  a  circle  of  diameter  CM ,  the  illu¬ 
mination  inside  the  spot  will  be 


£S  =  <D 


jt  (CM)2  _  p  (AB)2 
4  ^  (CM)2  * 


This  expression  demonstrates  that,  with  the 
spot  diameter  less  than  that  of  the  lens,  the  illu¬ 
mination  on  the  screen  will  exceed  the  illumina¬ 
tion  produced  directly  by  the  light  beam. 

Is  it  possible  to  increase  the  illumination  using 
a  diverging  lens? 
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4.7.  The  “Vice  Versa”  Lenses 

We  often  use  the  expressions  “a  biconcave  lens” 
and  “a  diverging  lens”  as  synonyms.  However, 
the  biconcave  lens  is  not  always  diverging,  while 
a  biconvex  one  is  not  always  converging  light. 

Can  you  guess  when  these  lenses  might  be  “in¬ 
terchanged”? 

4.8.  When  Do  We  Need  a  Longer  Exposure 
Time  in  Photography? 

A  man  was  photographed  upright,  then  a  close-up 
was  taken  of  his  face.  Although  the  illumination 
of  the  pavillion  remained  the  same,  the  photo¬ 
grapher  decided  to  increase  the  exposure  time. 
Why  did  he  do  this? 

4.9.  A  Wonderful  Eye 

When  looking  through  air  at  a  river  bottom  you 
can  see  it  clearly  through  the  transparent  water. 
But,  when  you  dive  in  the  river  with  open  eyes, 
the  shapes  of  all  the  objects  on  the  bottom  are 
blurred  and  indistinct.  This  is  because  human 
eyes  do  not  have  enough  refracting  ability  to  see 
clearly  in  water. 

By  contrast,  fish  have  an  almost  spherical  crys¬ 
talline  lens  with  which  they  see  well  under  water, 
but  become  short-sighted  in  air. 

Is  it  possible  to  design  an  eye  that  would  see 
distant  objects  in  both  air  and  water? 

At  first  sight  the  task  seems  impracticable,  yet 
under  some  conditions  such  an  eye  is  feasible. 
Could  you  indicate  which  conditions? 
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4.10.  Why  Do  Wheels  Rotate  in  the 
‘‘Wrong”  Direction? 

We  often  see  in  the  cinema  an  amusing  thing: 
the  wheels  of  a  moving  carriage  rotate  in  the 
wrong  direction. 

How  can  this  paradox  be  explained? 


4.11.  How  Does  a  Refracting  Telescope  Work? 

When  constructing  a  refracting  telescope,  a  long- 
focus  lens  is  used  as  the  objective,  while  a  short- 
focus  lens  serves  as  the  ocular.  Since  the  objects 
observed  in  the  telescope  are  very  distant,  their 
images  are  actually  obtained  in  the  objective’s 
focal  plane. 

The  image  due  to  the  objective  lens  is  the  ob¬ 
ject  for  the  ocular  lens,  which  is  positioned  so 
that  its  front  focal  point  matches  the  objective’s 
back  focal  point. 

Since  the  object  is  in  the  ocular’s  focal  plane, 
its  image  cannot  be  formed  from  the  rays  that 
leave  the  ocular  in  parallel  (to  be  more  exact, 
these  rays  form  an  image  at  infinity). 

So  how  do  astronomers  make  their  observations? 


4.12.  Do  Astronomers  Need  Telescopes? 

A  telescope  magnification  is  the  ratio  of  the  angle 
subtended  by  the  object  in  the  telescope  to  the 
angle  at  which  it  is  subtended  at  the  naked  eye. 

In  view  of  the  remoteness  of  stars  (recall  that 
even  light  from  the  nearest  star  which  travels 
at  300,000  km/s  takes  about  four  years  to  reach 
us)  the  angle  subtended  at  the  naked  eye  by  a 
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star  is  practically  zero.  Therefore  even  using 
the  most  powerful  telescope  you  can  only  observe 
stars  as  luminous  infinitesimal  points  (however 
many  times  zero  is  magnified,  it  finally  remains 
zero). 

Does  this  suggest  that  telescopes  are  only  use¬ 
ful  when  observing  comparatively  near  objects 
like  the  planets,  while  stars  can  be  observed  with 
the  naked  eye? 

4.13.  What  Aperture  Setting  Should  Be  Used? 

In  order  to  increase  the  sharpness  of  an  image  on 
a  photographic  film  the  lens  is  stopped  down,  i.e. 
a  diaphragm  between  the  camera  lens  and  the 
film  is  contracted.  However,  if  the  aperture  is 
too  small  the  image  again  begins  to  be  blurred 
(this  is  why  modern  cameras  have  a  minimum 
aperture  setting  of  1  22  instead  of  1  36  as 

old  cameras  used  to  have). 

Why,  notwithstanding  the  production  of  very 
sensitive  photographic  emulsions  which  could  be 
used  with  very  small  aperture  settings,  do  we 
still  not  use  apertures  less  than  1  : 22  in  practice? 

4.14.  Is  the  Construction 

of  Hyperboloid  Realizable? 

Peter  Garin,  the  main  character  in  Aleksei  Tol¬ 
stoy’s  novel  Engineer  Garin  s  Hyperboloid,  was 
explaining  his  invention  to  Zoe  Montrose.  He 
said:  “It  is  as  plain  as  a  pikestaff.  The  secret  is 
hidden  in  the  hyperbolic  mirror  A  resembling 
in  shape  the  mirror  of  a  conventional  searchlight, 
and  the  piece  of  chamonite  B,  which  is  made  in 
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the  shape  of  a  hyperbolic  sphere.  A  hyperbolic 
mirror  works  as  follows: 

“Light  incident  on  the  internal  surface  of  a 
hyperbolic  mirror  is  collected  at  a  single  point 
called  the  focus  of  the  hyperbola.  This  is  a  well- 
known  fact.  Now  at  the  focus  of  the  hyperbolic 


Fuel 


Light  rod" 


Fig.  4.3 


mirror  I  place  a  second  inside-out  hyperbola,  a 
hyperboloid  of  revolution.  This  second  hyperbo¬ 
loid  is  made  of  a  refractory  mineral  that  can  be 
polished  to  a  mirror  finish,  i.e.  chamonite  de¬ 
posits  of  which  in  Russia  are  practically  inex¬ 
haustible.  As  to  the  rays? 

“The  rays  collected  at  the  focus  of  mirror  A 
are  then  incident  on  the  surface  of  hyperboloid  B 
and  are  reflected  in  parallel.  In  other  words, 
hyperboloid  B  concentrates  all  the  light  rays 
into  a  single  “light  rod”  of  arbitrary  diameter. 
By  shifting  hyperboloid  B  using  micrometer 
screw,  1  can  increase  or  decrease  the  diameter 
of  the  light  rod  at  will  and  adjust  the  rod  (prac¬ 
tically)  down  to  a  needle’s  diameter.  Nature  can 
do  nothing  to  resist  this  light  rod.  Buildings, 
battleships,  airships,  cliffs,  mountains,  the  earth’s 
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crust — everything  can  be  pierced,  destroyed,  or 
cut  by  my  beam.” 

The  scheme  of  Garin’s  hyperboloid  is  shown 
in  Fig.  4.3.  Is  such  an  apparatus  possible?  To 
be  more  precise,  would  it  be  as  powerful  as  stated 
by  Garin? 


4.15.  Instead  of  a  Laser 

The  energy  flux  density  in  the  beam  of  a  modern 
laser  (optical  quantum  generator)  is  so  high  that 
like  Garin’s  hyperboloid  of  which  we  spoke  in 
the  previous  problem,  it  can  readily  cut  the  met¬ 
al  sheets  several  centimeters  thick  and  drill 
fine  channels  in  the  crystal  of  diamond,  the  hard¬ 
est  substance  in  nature.  At  present  lasers  are 
used  to  more  prosaic  ends,  such  as  cutting  out 
cloths  in  big  factories  under  programmed  con¬ 
trol. 

Lasers  can  be  used  in  many  ways  as  well. 
Yet  their  other  applications  are  hindered  by 
their  rather  high  cost  due  to  the  complicated 
manufacturing  process. 

We  shall  try  to  design  a  simpler  device  which 
like  a  laser  yields  narrow  light  beam  with  a  high 
energy  density. 

Suppose  that  the  light  rays  from  a  powerful 
searchlight  are  incident  from  the  left  (see  Fig.  4.4) 
into  the  funnelled  opening  of  a  conical  tube  whose 
internal  surface  is  polished  and  silvered.  After 
a  succession  of  reflections  the  light  rays  will 
emerge  through  the  right-hand  opening.  Since 
its  cross-section  can  be  made  arbitrarily  small, 
it  would  seem,  we  can  provide  a  very  high  energy 
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concentration  in  the  light  flux  emerging  from 
the  cone. 


Since  no  such  device,  for  all  its  simplicity,  is 
in  use  our  reasoning  seems  faulty.  Try  to  detect 
the  fault. 


4.16.  Will  the  Colour  Be  Changed? 

The  wavelength  X  is  related  to  the  velocity  of 
light  c  in  a  medium  and  to  the  medium’s  refrac¬ 
tion  index  n,  i.e. 

Xi  cx 

-T*—  —  —=/&!.  2* 

X2  C2 

It  can  be  seen  from  this  equation  that  in  pas¬ 
sing  from  one  medium  to  another  the  wavelength 
of  the  light  is  changed.  For  example,  the  wave¬ 
length  in  air  is  0.65  (am,  whereas  in  water,  whose 
refraction  index  relative  to  air  is  1.33,  the  wave¬ 
length  will  be 


nl*  2 


0.65  pm 
03 


=  0.49  pm. 


The  wavelength  0.65  pm  corresponds  to  red, 
while  0.49  pm,  to  blue  colour. 
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Does  this  mean  that  a  diver  underwater  will 
see  the  light  coming  from  a  red  lantern  as  blue? 

4.17.  What  Is  the  True  Colour? 

The  colour  of  a  body  coated  with  a  layer  of  white 
zinc  paint  is  perceived  as  white.  If  Prussian  blue 
paint  were  used,  the  body  would  be  blue.  In 
both  cases  the  body  seems  to  be  coloured  defi¬ 
nitely. 

However,  sometimes  the  colour  of  a  body  can¬ 
not  be  described  so  easily  and  this  can  be  il¬ 
lustrated  as  follows. 

If  you  look  at  cigarette  smoke  it  seems  to  vary 
from  bluish  to  reddish  yellow,  depending  on 
where  the  observer  is  relative  to  the  smoker, 
smoke,  and  light  source. 

Why  does  smoke’s  colour  depend  on  the  ob¬ 
server’s  “point  of  view”? 

4.18.  An  Incident  with  R.  Wood 

The  American  optician  Robert  Wood  (1868- 
1955)  was  a  great  jester  and  a  lover  of  fast  driv¬ 
ing.  He  was  once  driving  fast  in  the  city  and  could 
not  brake  in  time  to  stop  when  traffic  lights  turned 
red.  He  was  arrested  by  a  policeman  and  the  con¬ 
versation  developed  along  the  following  lines: 

“I  am  not  guilty,”  said  Wood  defending  him¬ 
self.  “I  was  a  victim  of  the  Doppler  effect.” 

“What?”  asked  the  astonished  policeman. 

“The  Doppler  effect,”  answered  Wood  and  then 
added,  “You  must  have  noticed  how  an  engine 
whistle  or  car  horn  coming  towards  you  rises  in 
pitch?  This  happens  because  your  ear  receives 
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more  sound  waves  per  unit  time  and  so  the  whis¬ 
tle  sounds  higher.  An  analogous  phenomenon  is 
observed  for  light,  too.  If  a  light  source  ap¬ 
proaches  you  or  you  approach  it,  then  its  colour 
changes  for  you  because  its  colour  shifts  to  the  blue 
end  of  the  spectrum.  I  was  driving  rather  fast 
and  so  the  red  traffic  light  appeared  to  be  green!” 

We  do  not  know  how  the  conversation  ended 
(it  is  said  that  the  policeman  eventually  fined 
Wood  for  driving  too  fast).  However,  we  are  in¬ 
terested  in  another  aspect:  could  R.  Wood  le¬ 
gitimately  refer  to  Doppler  effect? 

4.19.  Negative  Light  Pressure 

Both  the  electromagnetic  theory  of  light  devel¬ 
oped  in  1860-1870  by  Maxwell  and  the  quantum 
theory,  whose  foundations  were  laid  in  1900 
by  Max  Planck  (1858-1947)  and  which  was  suc¬ 
cessfully  applied  in  1905  to  light  by  A.  Einstein 
(1879-1955),  predict  that  light  has  a  pressure. 
The  phenomenon  was  first  experimentally  detect¬ 
ed  by  Pyotr  Lebedev  (1866-1912)  in  solids  and 
then  in  gases,  thus  having  a  universal  character. 

Light  pressure  is  significant  in  nature.  For  exam¬ 
ple,  it  prevents  the  gravitational  collapse  of  stars, 
plays  the  decisive  role  in  forming  comet  tails, 
and  reduces  the  lifetime  of  artificial  Earth  sat¬ 
ellites. 

Science  fiction  writers  long  ago  dreamed  about 
interplanetary  ships  driven  by  light  pressure, 
hoping  that  advances  in  chemistry  would  provide 
a  light  strong  plastic  for  the  sails  of  a  space  yacht. 
Yet  light  pressure  only  acts  “downstream”  of  a 
source.  What  is  to  be  done,  if  the  astronaut  wants 
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to  return  to  the  Sun?  Tacking  like  yachtsmen  on 
water  do  would  be  fruitless  because  interplanetary 
space  is  practically  devoid  of  substance.  However, 
it  appears  that  a  system  can  be  designed  that 
effected  by  light  rays  will  be  attracted  to  the 
source  of  the  light.  Try  to  imagine  such  a 
system. 

4.20.  Why  Do  Identically  Heated  Bodies 
Glow  Differently? 

How  do  you  explain  the  following  paradox:  a 
piece  of  iron  heated  to  800°C  glows  very  bright, 
while  a  piece  of  quartz  (a  less  successful  experi¬ 
ment  can  be  performed  with  glass)  heated  to  the 
same  temperature  barely  glows? 

4.21.  The  Paradox  of  Rulers 

Place  two  rulers  to  make  an  acute  angle  a  (see 
Fig.  4.5).  Suppose  one  ruler  begins  to  move  rel- 


Fig.  4.5 

ative  to  another  translationally  with  a  velocity 
v9  in  the  direction  indicated  in  the  figure.  Then 
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the  point  where  the  rulers  intersect  will  begin 
to  move  with  a  velocity  v  whose  value  can  be 
determined  in  the  following  way. 

During  a  time  interval  At  the  moving  ruler 
covers  a  distance 

A  A'  =  BB'  =  Vq  At 

and  so  the  intersection  point  moves  by 
AB '  =  v  At . 

The  triangle  ABB'  yields 
AB'  —  BB'/t&n  a. 

Substituting  this  into  the  relations  for  AB' 
and  BB'  and  cancelling  by  At  yields 

v  =  vQ/tan  a. 

Let  =  14,000  km/s  and  a  =  10°  (tan  10°  = 
0.035),  then  for  the  velocity  of  the  intersection 
point  we  have 

V  =  l4,(|^m/-  =  400,000  km/s! 

How  can  this  be  reconciled  with  the  postulate 
of  the  theory  of  relativity  that  the  velocity  of 
light  is  the  maximum  possible? 

4.22.  The  Paradox  of  the  Lever 

Imagine  that  you  have  a  lever  whose  shoulders 
have  lengths  lx  and  l2  (see  Fig.  4.6).  Assume  the 
lever  is  rotated  one  turn  during  a  time  T  Then 
the  distance  covered  by  the  left-hand  end  can 
be  written  in  two  ways,  viz, 

Sx  —  vxT  =  2  nlv 
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Analogously,  for  the  distance  S2  covered  by 
the  right-hand  end  we  have 

S2  =  v2T  =  2  nl2. 

By  dividing  these  equations  term-by-term  we 
obtain: 

V\lv2  —  l±ll2, 

whence 

h 

If  the  right-hand  shoulder  is  100  times  longer 
than  the  left-hand  one,  which  has  a  velocity  of 


h 

h 

_ 

vi 

- - 

Fig.  4.6 

4000  km/s,  then  the  velocity  of  the  lever’s  right- 
hand  end  will  be 

v2  —  4000  km/s  X  100  =  400,000  km/s. 

This  exceeds  the  velocity  of  light! 

Is  this  really  possible? 

4.23.  How  Much  of  Radium  Did  the  Earth 
Contain  When  It  Was  Born? 

Suppose  that  there  is  only  1  kg  of  radium  pres¬ 
ently  on  the  Earth.  This  is  a  gross  underestimate 
because  laboratories  and  hospitals  all  over  the 
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world  possess  much  more.  However,  for  simplic¬ 
ity  we  shall  use  this  quantity. 

Radium’s  halflife  is  1620  years.  This  means 
1620  years  ago  there  was  twice  as  much  radium 
as  there  is  now,  i.e.  2  kg;  3240  years  ago  there 
was  4  kg,  etc.  We  can  compile  a  table  and  obtain 
the  mass  of  radium  on  Earth,  taking  its  age  to 
be  1010  years,  this  being  in  accordance  with  the 
latest  geological  and  astronomical  data. 


Number  of  years  to 
the  present 

Number  of 
halflives 

Mass  of  radium, 

0 

0 

1=2° 

1620 

1 

2=2* 

3240 

2 

4=2* 

4860 

3 

8=2* 

6480 

4 

CM 

II 

CD 

10io 

1010/1 620 

2lol°/1620 

The  tabulation  indicates  the  amount  of  radium 
on  Earth  1010  years  ago  was 

m  =  210lO/162°  kg  =  26.17xl0‘  kg 

Taking  logarithms  of  both  sides  of  the  equation 
yields 

log  m  =  6.17  x  106  x  log  2  =  1,857,000. 

Whence  the  mass  of  radium  on  the  Earth  when 
it  coalesced  was 

m  =  10l, 857.000  kg. 
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How  can  this  be  reconciled  with  the  fact  that 
the  mass  of  the  whole  Earth  is  now  “only”  about 
6  X  1024  kg?! 

4.24.  How  Do  Cosmic  Rays  Originate? 

At  the  beginning  of  this  century  the  Austrian 
physicist  Victor  Hess  (1883-1964)  was  one  of 
many  researchers  to  show  that  Earth’s  surface 
is  continuously  being  irradiated  by  a  flux  of 
cosmic  rays,  i.e.  fast  protons  and  a-particles 
originating  from  outer  space.  Their  energy  is 
colossal -fqertainlv,  7  for_  nprticle_  nJiw^Lcsl,  with__a„ 
magnitude  of  1019  eV  The  largest  accelerators 
now  can  only  generate  charged  particles  to  ener¬ 
gies  of  about  1  X  1012  eV  The  Italian  physicist 
Enrico  Fermi  (1901-1951)  advanced  the  follow¬ 
ing  hypothesis  concerning  the  origin  and  genesis 
of  cosmic  rays  which  is  at  present  accepted  as 
the  most  probable. 

Astrophysicists  have  observed  moving  clouds 
of  interstellar  gas  and  the  accompanying  magnetic 
fields  due  to  the  motion  of  charged  particles  in¬ 
side  these  clouds.  Fermi’s  hypothesis  holds  that 
cosmic  particles  encounter  these  randomly  wan¬ 
dering  magnetic  fields  and  are  accelerated  by 
them. 

However,  we  know  that  the  force  acting  nor¬ 
mal  to  the  magnetic  field  on  a  moving  charged 
particle  (Lorentz’s  force)  is  directed  perpendicu¬ 
lar  to  the  velocity  of  the  particle.  It  can  only 
change  the  direction  of  the  velocity,  not  its  mag¬ 
nitude. 

How  does  Fermi’s  hypothesis  explain  the  nec¬ 
essary  acceleration? 
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4.25.  Nuclear  Reactions  and  the  Law 
of  Mass  Conservation 

The  neutron  was  discovered  in  1932  by  Sir  James 
Chadwick  and  is  unstable.  In  due  course  it  de¬ 
cays  into  a  proton,  an  electron,  and  an  antineu¬ 
trino.  The  decay  equation  can  be  written  down  as 

ln-*\p  +  _0xe  +  \ Jv, 

when  ft,  p,  e  and  v  are  the  symbols  for  the  neutron, 
proton,  electron,  and  antineutrino,  respectively. 
The  superscript  is  the  mass  of  the  particle  and 
the  subscript  is  its  charge  (both  in  atomic  units). 

A  process  has  been  discovered  in  which  a  pro¬ 
ton  is  transformed  into  a  neutron,  a  positron, 
and  a  neutrino.  The  equation  for  the  “nuclear 
reaction”  is 

Thus,  as  a  result  of  these  two  reactions  follow¬ 
ing  one  another,  a  neutron  is  “reborn”  but,  in 
addition,  four  new  particles,  an  electron,  a  posi¬ 
tron,  a  neutrino,  and  an  antineutrino,  are  pro¬ 
duced. 

How  can  this  be  reconciled  with  the  law  of 
energy  conservation? 

4.26.  Are  There  Electrons  Inside 
an  Atomic  Nucleus? 

Soon  after  the  experimental  detection  of  neutron 
the  Soviet  physicist  Dmitriy  Ivanenko  (b.  1927) 
and  independently  the  German  physicist  Werner 
Heisenberg  (b.  1901)  proposed  a  theory  of  nuclear 
structure  according  to  which  each  nucleus  is 
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composed  of  protons  and  neutrons  generic.ally 
called  nucleons. 

If  the  atomic  number  of  an  element  and  its 
mass  number  (the  atomic  mass  rounded-off  to  an 
integer)  are  Z  and  A  respectively  then  the  num¬ 
ber  of  protons  in  a  nucleus  is  Z ,  while  the  num¬ 
ber  of  neutrons  is  A  —  Z.  There  are  no  other  par¬ 
ticles  in  nucleus. 

The  validity  of  the  proton-neutron  model  of 
the  nucleus  is  not  doubted. 

On  the  other  hand,  one  type  of  radioactive 
transformations,  i.e.  p-decay,  is  the  decay  of  an 
atomic  nucleus  with  the  ejection  of  a  p-particle, 
i.e.  a  common  electron. 

Where  did  the  electron  come  from? 


Solutions 

Ch.  1.  Mechanics 


1.1.  Subway  trains  strictly  follow  a  time-table 
and  arrive  at  stations  at  definite  intervals  of  time. 
Let  us  use  this  to  solve  the  problem  graphically. 

Ai  a2  a3  aa 

o — * — i — i — T-  1 — i — SF— i — l — * — ± — 

8:00  b2  B3  8:10  ba 

Time - *- 


Fig.  S.1.1 


Figure  S.1.1  shows  a  time  axis  whose  origin 
is  at  8  a.m.  Along  the  axis  the  lower  triangles 
label  the  arrivals  of  the  trains  going  the  passen¬ 
ger’s  way,  while  the  upper  triangles  do  the  same 
for  the  trains  going  in  the  opposite  direction. 
The  trains  arrive  every  three  minutes  in  both 
directions. 

Since  we  stated  that  the  time  when  the  passen¬ 
ger  arrived  at  the  platform  is  random,  the  event 
might  occur  in  the  intervals  AXBX  or  BXA 2  (or 
A2B2  or  B2A3 ,  etc.).  If  the  passenger  arrives  at 
the  platform  within  the  intervals  A1B1,  A2B2,.  .  ., 
the  first  train  to  arrive,  after  he  reaches  the  plat¬ 
form,  will  be  in  his  direction,  while  if  he  reaches 
the  platform  during  BXA2,  B2A3,  .  ,  the  first 

train  will  be  in  the  opposite  direction.  Since  the 
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latter  intervals  are  twice  as  long  as  the  former, 
the  probability  that  the  passenger  will  reach  the 
platform  in  time  to  see  a  train  going  in  the  op¬ 
posite  direction  will  be  twice  the  probability 
that  the  first  train  will  be  going  his  way.  At  an¬ 
other  station  these  relationships  would  be  differ¬ 
ent. 

This  problem  effectively  illustrates  the  utility 
of  graphical  methods  of  solving  problems. 

1 .2.  This  problem  is  often  solved  in  completely 
contradictory  ways.  Some  people  argue  that  the 
propeller-driven  sledge  will  remain  immobile, 
while  others  state  it  to  move  ahead. 

Meanwhile  the  correct  answer  is  that  the  prob¬ 
lem  as  given  has  no  solution  at  all. 

Let  us  consider  two  extreme  cases.  Suppose 
that  there  is  no  friction  between  the  conveyer 
belt  and  the  sledge.  Then  the  belt’s  motion  will 
not  tell  on  the  sledge’s  velocity,  since  the  sledge 
is  driven  by  a  propeller.  The  vehicle  will  sort  of 
hover  over  road  and  the  latter’s  motion  will  not 
influence  the  motion  of  the  sledge  just  as  the 
motion  of  a  road  cannot  affect  the  velocity  of  an 
aeroplane  flying  above  it. 

At  the  other  extreme  case,  if  there  is  a  great 
deal  of  friction  between  the  sledge  and  the  con¬ 
veyer  such  that  the  thrust  produced  by  the  pro¬ 
peller  cannot  overcome  the  friction,  the  sledge 
can  be  treated  as  being  fixed  to  the  conveyer  belt. 
Then,  of  course,  the  vehicle  will  move  in  the 
same  direction  and  with  the  same  velocity  as  the 
conveyer  belt. 

There  are  as  many  different  sledge  velocities 
as  there  are  intermediate  cases.  A  special  case 
is  when  the  sledge’s  position  relative  to  envi- 
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ronment  remains  unchanged,  i.e.  it  will  be  motion¬ 
less.  This  will  occur  when  the  propeller’s  thrust 
equals  the  friction  (the  air  resistance  being  neg¬ 
lected).  However,  this  state  would  be  unstable, 
since  even  a  slight  push  one  way  or  the  other, 
due  to  irregularities  in  the  conveyer,  will  start 
the  vehicle  moving  relative  to  the  ground  in  the 
appropriate  direction. 

1.3.  The  resultant  velocity  of  points  (Fig.  S.1.2) 
is  the  one  observed  in  reality,  i.e.  the  boat’s 


B 


Fig.  S.1.2 


horizontal  velocity  vh.  Hence,  the  velocity  at 
which  the  rope  is  hauled  in  is  one  of  its  compo¬ 
nents.  But  what  is  the  direction  of  the  second  com¬ 
ponent? 

This  direction  must  be  chosen  so  that  the  mo¬ 
tion  in  that  direction  does  not  change  the  magni¬ 
tude  of  the  rope  velocity,  |  vr  | ,  and  only  changes  di¬ 
rection.  We  can  easily  see  that  this  will  only 
be  the  case  when  the  direction  of  the  second  com¬ 
ponent  is  at  a  right  angle  to  the  rope.  Otherwise, 
we  might  always  decompose  the  second  compo¬ 
nent  v2  as  indicated  on  the  left-hand  side  of 
Fig.  S.1.3,  so  that  one  of  the  new  components 
v'  changes  the  value  of  vr. 
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This  suggests  that  in  our  case  the  parallelogram 
of  velocities  must  be  a  rectangle,  inside  which 
the  resultant  velocity  is  horizontal,  while  one 


of  the  components  coincides  with  the  rope’s  di¬ 
rection.  By  making  the  corresponding  drawing 
(the  right-hand  side  of  Fig.  S.1.3),  we  find  that 


this  being  a  correct  solution  of  the  problem. 

Thus,  although  any  vector  can  be  decomposed 
in  arbitrary  directions,  not  everv^decomDpsition 
is  meaningful.  The  decomposition  shown  in 
Fig.  1.1  is  physically  meaningless  since  the  re¬ 
sultant  is  the  motion  along  the  horizontal 
rather  than  along  the  rope  and  it  is  this  resultant 
that  must  be  decomposed. 

The  problem  can  be  solved  most  easily  by  differ¬ 
ential  calculus. 

From  triangle  ABC  (see  Fig.  S.1.2)  we  get 
(ABf  =  (. BC )2  +  (AC)2. 


8* 
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By  differentiating  this  expression  with  respect 
to  time  and  assuming  AB  —  l ,  BC  =  h  =  const 
and  AC  =  s,  we  find  that 


Given  that  s/l  =  cos  a,  we  get 

dl  ds 


dt 


dt 


cos  a. 


dl 


However,  —  is  the  magnitude  of  the  rope’s 


ds 


hauling-in  velocity,  |  vr  |,  while  is  the  mag¬ 
nitude  of  the  boat’s  velocity,  |  vb  |,  therefore, 

I  Vr  |  =  I  V5  I  cos  a, 
or 


|vb| 


1.4.  The  velocity  at  which  the  load  is  raised 
will  not,  naturally,  he  changed  if  both  ropes  are 
passed  over  a  block  and  pulled  with  the  same  ve¬ 
locity  as  before.  It  is  only  necessary  to  put  guides 
KL  and  MN  to  lift  the  load  P  along  the  same 
path  as  before  (see  Fig.  S.1.4).  The  new  forces 
(the  friction  between  the  load  and  the  guides) 
should  not  disturb  us  since  the  problem  is  purely 
kinematic. 

Its  solution  will  not  change  either  if  both 
ropes  are  substituted  by  a  single  rope,  since  the 
second  one  becomes  useless.  Thus,  this  problem 
is  analogous  to  the  preceding  one,  which  becomes 
evident  if  we  rotate  Fig.  S.1.4  by  90°  clockwise 
and  compare  the  result  with  Fig.  1.1  or  S.1.2. 
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Tlie  load  acts  as  the  boat  and  the  velocity  u 
is  the  resultant  one.  At  the  same  time  the  rope 
velocity  v  is  one  of  the  components.  For  the  sec¬ 
ond  component  v'  to  have  no  projection  orient¬ 


ed  along  the  rope,  it  must  make  right  angle 
with  the  first  component. 

Then  from  the  velocity  triangle  OBC  it  follows 
that 


jvl 

cos  a  ’ 


1.5.  The  average  velocity  of  the  motor-cyclist 
is  rigorously  zero  according  to  the  formula 

Va  y  —  S/f, 


since  he  finally  returned  back  to  point  A  (i.e. 
the  displacement  s  =  0). 

However,  in  everyday  life  the  average  speed 
is  the  average  of  the  magnitude  of  the  velocity, 
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which  can  be  found  by  dividing  the  distance  cov¬ 
ered  by  the  time  taken.  Let  us  consider  the  speed. 

An  intuitive  and  usual  answer  of  50  km/h 
is  wrong.  Let  the  distance  between  points  A 
and  B  be  Z.  Then  the  time  spent  by  the  motor¬ 
cyclist  travelling  from  A  to  B  will  be 

Zx  =  l/vv 

The  return  run  requires 
t2  =  l/v2. 


The  whole  distance  back  and  forth  will  require 


*  =  *i  +  Z2=-i-  + 


V* 


l  (v i+£g) 

ViV2 


The  average  speed  is  thus 

__  2l_  __  21  _  ^  viv2 

aV  t  l  (^1+^2)  ^1  +  ^2 

vlu2 

Substituting  the  values  for  vx  and  v2  yields 
vaY  =48  km/h. 

The  equation  for  the  average  speed  can  be 
transformed  to 


This  value  of  vay  is  called  the  harmonic  mean 
of  and  v2 .  Hence,  the  harmonic  average  of  two 
numbers  is  the  reciprocal  of  the  arithmetic  mean 
of  the  reciprocals  of  the  component  numbers. 

The  harmonic  mean  of  two  numbers  a  and  b 
can  be  drawn  geometrically. 

Figure  S.1.5  presents  the  hyperbolic  curve  of 

l 

the  function  y  =  — .  Let  us  plot  the  segments 
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OA !  =  a  and  OA  2  =  b  on  the  £-axis.  Then  let 
us  draw  from  points  and  A2  normals  with  re¬ 
spect  to  the  £-axis,  to  intersect  with  the  hyper¬ 
bola.  So  we  find  points  Bx  and  B2.  We  then  find 


Cx  and  C2;  they  are  the  points  where  the  hori¬ 
zontals,  passing  through  Bx  and  B2,  intersect 
the  y- axis.  We  find  the  mid-point  C  between  C1 
and  C2,  and  reverse  the  procedure  to  find  B  and 
A.  The  segment  OA  is  then  the  harmonic  mean 
of  OAr  and  OA  2  and  thus  the  numbers  a  and  b. 
This  follows  from  the  system 

A  2^2  = 

AB~± 

^B  =  -l(^i5i  +  .4252). 

One  can  show  that  the  harmonic  mean  h  of 
two  numbers  a  and  6,  their  geometric  mean  g  = 
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Y ab,  and  their  arithmetic  mean  m  =  are 

related  as 
m  ^  g  ^  h 

(the  equality  sign  is  valid  when  a  —  6). 

The  average  velocity  is  only  occasionally  the 
arithmetic  mean,  for  example,  for  motion  with 
a  constant  acceleration.  In  this  problem  though 
the  average  velocity  is  the  harmonic  mean  of  ux 
and  u2. 

1.6.  Let  us  check  the  solutions  by  calculating 
the  time  needed  to  reach  the  height  6  m  for  the 
initial  velocities  21.5  and  13.0  m/s,  respectively. 
The  relation 

£  =  —  vp  zt  Yvi+  2as 
a 

yields  two  times  for  the  initial  velocity  21.5  m/s: 
tx  =  0.3  s  and  t2  =  4  s  and  two  times  for  13.0  m/s: 
tx  —  0.6  s  and  t2  =  2  s. 

Thus,  for  any  initial  velocity  satisfying  the 
condition 

v0>V2  X  10  m/s2  x6  m«  11  m/s 

the  stone  will  be  at  a  height  of  6  m  twice,  once 
when  moving  upwards  and  once  when  falling. 
The  higher  the  initial  velocity,  the  longer  the 
stone  will  take  to  rise  to  the  culminating  point 
of  its  trajectory  and  the  later  it  will  reach,  when 
falling,  the  given  height. 

The  times  given  in  the  text  were  specially 
selected  to  match  the  descent  time. 

All  this  is  illustrated  in  Fig.  S.1.6,  where  height 
versus  time  charts  are  given  for  both  cases.  The 
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upper  parabola  is  for  the  initial  velocity  of 
21.5  m/s,  and  the  lower  one  for  13.0  m/s. 

1.7.  When  a  car  is  braking,  a  passenger’s  body 
conserves  its  former  velocity  and  so  is  thrown  for¬ 
wards.  In  order  to  resist  the  fall,  the  passenger 


instinctively  strains  his  leg  muscles.  When  the 
car  stops,  the  passenger  could  not  immediately 
relax  his  muscles  and  these  push  him  backwards. 
Carriage  springs  act  in  the  same  way  as  human 
muscles. 

In  case  of  braking  the  car  suddenly  the  pas¬ 
senger’s  muscles  are  unable  to  adjust  to  the  situa- 
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tion  and  his  (her)  body  is  thrown  forwards,  in 
accordance  with  the  law  of  inertia. 

1.8.  It  was  once  believed  that  a  steam  locomo¬ 
tive  could  not  start  a  train  moving  if  its  weight 
exceeds  that  of  the  locomotive.  Therefore  the 
first  designers  provided  their  locomotives  with 
legs  to  push  against  the  ground  (Brunton’s  steam 
engine,  1813)  or  proposed  geared  drive  wheels 
and  rails  (Blackinson’s  steam  engine,  1811). 

The  error  of  these  inventors  as  well  as  that  in 
the  sophism  in  the  text  is  that  the  friction  coef¬ 
ficients  between  the  carriage’s  wheels  and  the 
rails  and  between  the  locomotive’s  driving 
wheels  and  the  rails  were  unjustly  assumed  to 
be  equal. 

The  fact  is  that  the  points  of  contact  between 
the  locomotive’s  and  the  carriage’s  wheels  and 
rails  are  stationary.  This  means  that  in  both 
cases  we  are  dealing  with  static  rather  than  dy¬ 
namic  friction,  the  coefficient  of  static  friction  is 
not  a  constant  but  changes  from  zero  to  a  thresh¬ 
old  value  after  which  the  locomotive  breaks 
away  and  motion  is  possible.  Since  the  wheels 
rotate  without  skidding  (i.e.  the  wheels  are  not 
blocked  and  can  freely  rotate),  the  friction  coef¬ 
ficients  for  the  wheels  of  the  locomotive  and  the 
carriage  are  lower  than  the  maximum,  but  not 
the  same:  the  friction  coefficient  for  the  locomo¬ 
tive’s  driving  wheels  is  higher.  The  weight  (more 
exactly,  the  coupling  weight)  of  a  locomotive 
multiplied  by  the  high  friction  coefficient  ob¬ 
served  under  uniform  motion  is  equal  to  the 
product  of  the  weight  of  the  train  and  the  low 
friction  coefficient.  These  coefficients,  k1  and  k2 , 
may  substantially  differ  and  cannot  be  equated 
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together,  as  is  done  in  the  sophism.  Headley, 
who  constructed  in  1813  his  steam  engine  “Puf¬ 
fing  Billy”,  was  the  first  engineer  to  demonstrate 
this  fact  experimentally.  However,  the  first  true 
steam  engine  was  built  somewhat  later  by  George 
Stephenson  (1781-1848). 

1.9.  Of  course,  the  friction  force  does  not  de¬ 
crease  due  to  the  measures  suggested  in  the  ques¬ 
tion.  However,  rotation  is  affected  not  so  much 
by  the  force  itself  but  its  moment.  It  can  be  shown 
that  the  moment  of  braking  friction  force  and 
hence  the  losses  due  to  the  work  against  the 
forces  of  friction  decrease  with  the  radius  of  the 
friction  part. 

1.10.  At  the  right  and  left  dead  centres  of  the 
cylinder  in  the  figure  the  piston  of  an  operating 
engine  stops  for  a  short  time  to  reverse  the  di¬ 
rection  of  motion.  At  these  moments  the  lubri¬ 
cating  oil  is  squeezed  out  from  the  space  between 
the  piston  and  cylinder  walls  and  in  the  moment 
after  this  event  the  piston  runs  along  dry  surface 
until  it  comes  in  contact  with  a  lubricated  sur¬ 
face.  Naturally,  dry  surfaces  wear  faster  than 
lubricated  ones. 

1.11.  The  part  of  the  problem  related  to  the 
bar  is  correct.  The  second  part  would  also  be 
true  if  we  were  able  to  make  a  perfectly  hard 
ball  and  a  similar  surface.  However,  all  real  bodies 
are  somewhat  deformed  due  to  loading  (includ¬ 
ing  the  ball’s  own  weight)  and  as  a  result  the 
ball  and  the  plane  contact  over  some  finite  sur¬ 
face  rather  than  at  a  point.  Within  the  limits  of 
the  surface  the  reaction  at  support  can  be  slight¬ 
ly  shifted  and  compensate  for  the  moment  of 
a  couple  of  the  force  applied  and  the  force 
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friction.  However,  the  deformations  are  usually 
not  very  pronounced  and  the  support  reaction 
cannot  produce  a  noticeable  moment.  As  a  re¬ 
sult,  a  ball  can  be  set  in  motion  more  easily  than 
a  bar. 

1.12.  An  experiment  can  be  performed  to  sort 
out  the  faulty  and  the  true  arguments.  To  do 
this  a  model  table  should  be  placed  on  two  dy¬ 
namometers  (it  is  convenient  to  use  “clock- 
dial”  type)  so  that  table  legs  are  at  different 
heights.  The  readings  on  the  dynamometers  will  be 
different — the  higher  reading  for  the  lower  legs. 
If  the  model  is  set  up  so  that  the  perpendicular 
dropped  from  the  centre  of  gravity  onto  hori¬ 
zontal  plane  passes  through  the  table  legs  at 
point  B  (see  Fig.  1.7),  then  the  left-hand  dyna¬ 
mometer  readings  will  vanish  at  all. 

The  conclusion  that  the  pressure  should  be 
different  can  be  drawn  from  the  following  simple 
argument. 

The  table  will  rest  on  an  inclined  surface  only 
if  the  sums  of  the  forces  acting  on  it  are  zero  (no 


translation)  and  the  moments  of  the  forces  va¬ 
nish  (no  rotation).  Since  there  is  no  rotation, 
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for  example,  with  respect  to  the  axis  passing 
through  the  centre  of  gravity  of  the  table,  then 
the  sum  of  the  moments  of  the  force  of  gravity  P, 
the  friction  forces  Fx  and  F2  acting  on  the  table 
legs,  and  the  support  reaction  forces  Rx  and  R2 
is  zero  (the  forces  are  all  labelled  in  Fig.  S.1.7). 
By  taking  clockwise  moments  around  the  axis 
passing  through  the  centre  of  gravity  of  the  ta¬ 
ble  C  to  be  positive,  and  anticlockwise  moments 
negative,  we  arrive  at  the  following  relation 

I  Fx  |  h  +  |  F2  |  h  +  |  Rx  |  Z  —  |  R2  |  / 

+  |  P  |  0  =  0. 

Whence 

I  Ra  1 1  —  I  Ri  1 1  =  I  Fx  |  h  +  |  f3  |  h 

or 

|H2|-|R.I=(|F,|+|F2|)A>0f 

i.e. 

I  R«  I  >  I  Ri  I- 

Note  that  if  there  is  no  friction  at  all,  i.e. 

I  F,  |  +  |  F2  |  =  0, 

then  should  the  table  slide  along  an  inclined 
plane  we  would  have 

I  Ri  I  =  I  R.  I. 

i.e.  the  pressures  of  the  table’s  legs  at  points  A 
and  B  on  the  inclined  plane  would  be  the  same. 

1.13.  Let  us  extend  Rt  to  intersect  with  the 
extension  of  Fx  and  substitute  it  at  the  inter- 


I.  126 


Physical  Paradoxes  and  Sophisms 


section  point  C  for  forces  F2  and  Fo,  as  shown  in 
Fig.  S.1.8. 


L 


K 


Fig.  S.1.8 

Triangle  ABC  is  similar  to  BLK,  hence  we 
can  write 

AB  LK  #  AB  |F,  | 

AC  ~  LB  ’  01  AC  ~  i  F2| 

In  the  same  way  from  the  similarity  of  triangles 
AOxC  and  EFC  we  have 

A°!  _  EF  nr  IF, | 

AC  'EC  1  AC  I F ! |  +  | F 2 1  • 

From  a  term-by-term  division  of  these  equations 
we  get 


AB 


A01  +  OlB 
AOx 


AO 


,  or 
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After  reducing  to  a  common  denominator  and 
some  other  transformations  the  last  equation 
can  be  rewritten  as: 

i  F2 1  AO, 

! Fx  I  OxB  ’ 

Thus,  point  01  divides  AB  inversely  propor¬ 
tional  to  the  moduli  of  forces  F1  and  F2,  i.e. 
01  must  coincide  with  point  O.  Hence,  Figs.  1.8 
and  S.1.8  are  not  correctly  drawn. 

1.14.  Since  at  each  instant  the  line  along 
which  the  reel  is  in  contact  with  the  floor  is 
stationary,  it  can  be  regarded  as  an  instanta¬ 
neous  rotation  axis. 


Fig.  S.1.9 


Figure  S.1.9  shows  that  the  horizontal  force  F1 
has  a  moment  with  respect  to  this  axis  that  tends 
to  rotate  the  reel  anticlockwise  in  direction  1. 
This  will  make  the  reel  move  towards  the  ex¬ 
perimenter. 
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When  the  thread  is  inclined  at  a  sufficiently 
large  angle,  the  moment  of  force  F2  relative  to 
the  instantaneous  axis  tends  to  rotate  the  reel 
clockwise  in  direction  2  and  the  coil  runs  away 
from  the  experimenter. 

1.15.  Aristotle  assumed  that  the  upper  stone 
only  pushes  the  lower  stone.  In  reality,  the  upper 
stone  not  only  (or,  to  be  more  precise,  not  so 
much)  sets  the  lower  stone  in  motion  as  sets  it¬ 
self  in  motion. 

In  other  words,  the  force  acting  to  set  the 
stones  in  motion  (i.e.  the  force  of  gravity)  is 
doubled,  but  so  is  the  mass  being  acted  upon,  and 
hence  acceleration  remains  the  same  in  agreement 
with  Newton’s  second  law: 

F 

a  =  — . 

m 

1.16.  The  error  in  the  deduction  in  the  text 
is  the  baseless  assumption  about  the  force  F 
being  fully  transferred  via  the  bar  of  mass  Mx 
to  the  bar  of  mass  M2.  This  does  not  follow  from 
the  laws  of  mechanics.  It  is  more  reasonable  to 
assume  that  the  bar  of  mass  Af2  is  affected  by 
some  other  force  F*  =^=  F.  Then  the  bar  of  mass 

is  exposed  to  R  =  F  —  F*  and  by  Newton’s 
second  law 


= 


F  —  F* 


and  a?  = 


F* 


Mx  2  M2  ' 

Since  the  bars  are  constantly  in  contact,  their 
accelerations  must  be  equal  to 


fli  —  a9 


a, 


i.e. 


F  — F*  F* 

Mi  ~  M2 
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whence  it  follows  that 


F*  = 


M2 

Mx  +  M2 


F. 


Thus,  the  bar  of  mass  M2  is  not  exposed  to 

M 

the  whole  force  F,  but  only  to  rj  ,  *  of  it. 

J  Mx+M2 

By  substituting  F*  into  any  expression  for  ac¬ 
celeration  (for  simplicity,  into  the  second  one) 
we  get 

F 

8  —  +  • 

The  same  result  would  be  obtained,  if  the  force 
applied  to  the  bars  is  merely  divided  by  their  com¬ 
mon  mass. 

1.17.  Before  proceeding  with  the  solution  of 
this  problem,  let  us  solve  another  one. 

Physicist  A.  was  born  in  1870.  When  he  was 
37  he  was  elected  to  the  Academy  of  Sciences 
and  then  he  lived  another  40  years  until  his  death 
in  1960.  How  old  was  he  when  died? 

After  a  brief  contemplation  we  inevitably 
arrive  at  the  conclusion  that  the  data  given  can¬ 
not  apply  to  a  single  person.  Actually,  depending 
on  whether  we  use  the  birth  and  death  dates  or 
use  the  other  biographical  data,  we  obtain  two 
different  answers,  viz.  90  or  77  years.  Thus,  the 
problem  is  inherently  contradictory.  A  unique 
solution  can  be  ensued  if  some  of  the  data  are 
corrected  or  ignored. 

In  just  the  same  way  the  values  given  in  our 
problem  cannot  be  related  to  the  motion  of  a 
single  body:  the  problem  contains  redundant  and 
contradictory  data.  For  example,  by  excluding 
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from  the  statement  the  information  on  the  dis¬ 
tance  covered  (or  the  time  of  motion),  we  ob¬ 
tain  a  correct,  conventional,  and  readily  sol¬ 
vable  problem. 

To  conclude,  we  must  note  that  the  reservation 
concerning  the  direction  of  force  and  the  absence 
of  friction  is  not  redundant,  and  we  suggest  the 
reader  verify  this  independently. 

1.18.  In  both  cases  the  force  acting  to  set  the 
body  in  motion  is  two  newtons.  However  in  the 
first  case  the  force  of  gravity  acts  on  the  hand¬ 
cart  and  the  weight  itself,  while  in  the  second 
case  the  force  imparts  an  acceleration  only  to 
the  hand-cart. 

1.19.  First,  let  us  find  the  accelerations  of 
all  the  balls  immediately  after  cutting  the 
threads.  By  taking  both  the  forces  and  accelera¬ 
tions  directed  downwards  as  positive  we  get  the 
following  for  the  accelerations 

„  _  Mlg+h  Mg  +  2Mg 

M  ~6g' 

M2g— fi  +  fn  Mg—2Mg  +  Mg  a 

a2 - —  —  -0, 

_ M3g—Ul  _  Mg— Mg  _A 

°3  Ml  “  M  -U' 

Consequently,  the  acceleration  of  ball  M2  is 
indeed  not  g.  Nevertheless,  this  in  no  way  con¬ 
tradicts  the  assertion  that  under  free  fall  the 
centre  of  gravity  of  a  system  must  move  with 
the  acceleration  due  to  the  Earth’s  gravity.  In 
fact,  the  system’s  centre  of  gravity  only  coin¬ 
cides  with  the  centre  of  ball  M2  at  rest,  (this 
follows  from  the  equality  between  the  masses 
of  the  balls  and  the  distances  AB  and  BC). 
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However,  the  last  equality  is  violated  after  the 
thread  is  cut.  In  fact,  the  elasticity  of  spring  I 
is  more  than  that  of  spring  //,  since  they  are 
stretched  the  same  amount  by  different  forces. 
Therefore  after  the  thread  is  cut  the  first  spring 
contracts  faster  than  the  second;  the  distances 
AB  and  BC  will  cease  to  be  identical  and  the 
centre  of  gravity  of  the  system  will  move  down¬ 
wards  with  respect  to  M2.  To  find  the  position 
of  the  centre  of  gravity  at  some  instant  we  use 
the  conventional  formula  (it  is  derived  below 
when  solving  Problem  1.30): 

_  M1x1  +  M2x2  +  Mzx 3  _  M  (x i  +  *t  +  **) 

c  ~  M1  +  M2  +  M3  3 M 

_  xl  +  J2  ~t~  ^3 

3 

Now  let  us  superpose  the  origin  of  coordinates 
to  coincide  with  the  centre  of  ball  M3  with  the 
:r-axis  pointing  downwards.  Since  the  initial 
acceleration  and  velocity  of  ball  M3  are  zero, 
we  have  xs  —  0.  After  cutting  the  thread  the 
coordinate  x2  of  ball  M2  will  be  a  constant  value  l 
(l  is  the  length  of  spring  //),  since  both  the  ini¬ 
tial  velocity  and  acceleration  are  zero,  too. 
Meanwhile  for  ball  Mx  we  get 

x1=_(2l  — ^L)„—  + 


By  substituting  these  values  into  the  expres¬ 
sions  defining  the  centre  of  gravity,  we  get: 


—  21- 


3  gt* 


- 1  “l-  0 


9* 
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We  thus  have  an  equation  which  demonstrates 
that,  as  one  might  expect,  the  centre  of  gravity 
of  the  system  moves  downwards  (the  accelera¬ 
tion  is  positive,  while  initial  velocity  vanishes!) 
with  an  acceleration  g.  We  can  show  (but  it  is 
difficult  to  do)  that  the  same  is  valid  at  any  ar¬ 
bitrary  instant  as  well  as  immediately  after  cut¬ 
ting  the  thread. 

1.20.  Most  people  find  the  error  in  that  an  in¬ 
crease  in  velocity  brings  about  an  increase  in 
resistance  forces  (friction  and  air  drag),  while 
the  resultant  force  and  acceleration  decrease  so 
that  the  velocity  is  limited. 

However,  this  is  not  the  main  reason,  since 
there  can  exist  in  principle  conditions  under 
which  no  velocity-dependent  resistance  forces 
are  present.  For  example,  a  rocket  moving  in 
outer  space,  where,  although  there  are  some 
such  forces,  they  can  be  taken  as  negligible. 

To  find  the  error,  let  us  estimate  how  much 
power  is  developed  by  the  cyclist  at  the  end  of 
twenty  minutes.  If  the  thrust  force  is  100  N 
and  the  velocity  600  m/s,  we  get  from  a  well- 
known  formula 

P  =  100  N  X  600  m/s  -  60,000  J/s  =  60  kW, 

i.e.  again  an  absurd  result,  since  a  power  like 
this  can  be  developed  by  a  man  for  an  extremely 
short  period  of  time,  for  example,  when  he  jumps. 

But  it  is  here  that  the  key  to  the  paradox  lies: 
since  the  power  must  remain  within  reasonable 
limits,  the  thrust  force  due  to  the  cyclist  must 
diminish  with  velocity. 

A  more  detailed  solution  can  be  formulated  as 
follows.  At  each  given  angular  velocity  of  pe- 
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dais,  v ,  there  exists  a  maximum  force,  Fmax, 
with  which  the  pedals  are  pressed.  The  Fm ax 
versus  v  graph  is  shown  in  Fig.  S.1.10  by  solid 
curve,  which  shows  that  a  human  foot  cannot  act 
on  even  a  resting  object  ( v  —  0)  with  a  force 
exceeding  a  certain  value  F0.  On  the  other  hand, 


Fig.  S.1.10 


as  the  velocity  of  a  pedal  approaches  a  certain 
value  i?0,  the  force  Fmax  must  tend  to  zero,  since 
at  high  velocities  the  cyclist  will  be  unable  “to 
press  on  the  pedals.”  In  the  same  figure  the  dashed 
curves  of  equal  power  are  presented  (the  hy¬ 
perbolas  Fv  —  const).  The  lower  the  power  cor¬ 
responding  to  a  hyperbola,  the  closer  the  dashed 
line  approaches  the  coordinate  axes.  It  follows 
from  the  figure  that  at  high  velocities  the  net 
power  that  can  be  developed  by  the  cyclist  may 
even  diminish  with  an  increase  in  velocity  and 
vanish  at  u  =  v0\ 

A  high  power  does  not  mean  a  higher  thrust 
force.  For  example,  the  photon  rockets  designed 
have  the  thrust  force  of  only  a  few  tens  or  hund¬ 
reds  of  newtons  (compared  with  the  engine  of  a 
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modern  jet  which  exerts  a  thrust  force  of  hundreds 
of  thousands  of  newtons),  hence  such  a  rocket 
could  not  take  off  independently  because  the 
available  thrust  force  is  much  lower  than  the 
force  of  gravity.  Therefore  photon  engines  will 
only  be  started  after  the  rocket  is  already  in  space 
having  been  given  a  sufficient  velocity  by  another 
type  of  engine,  for  example,  a  conventional  jet. 

1.21.  There  is  a  big  difference  between  Mun¬ 
chausen  and  a  cyclist.  According  to  the  tale, 
Munchausen  “succeeded”  in  lifting  the  centre  of 
gravity  of  the  whole  system  rider-horse  by  means 
of  own  efforts  (we  might  say  internal  forces). 
This  contradicts  the  laws  of  physics  and  there¬ 
fore  is  impossible.  The  cyclist,  however,  when 
he  pulls  handle  bars  towards  himself,  and  thus 
lifts  them  above  the  ground,  simultaneously 
pulls  himself  towards  the  handle  bars.  The  centre 
of  gravity  of  the  whole  system  remains  un¬ 
changed. 

It  is  essential  to  note  that  as  long  as  the  bi¬ 
cycle  moves  along  the  ground  the  bicycle-cy¬ 
clist  system  is  not  closed  and  its  centre  of  gravity 
can  be  raised  by  using  the  ground’s  reaction. 
For  example,  a  circus  trick  involves  a  cyclist  who 
starts  riding  on  two  wheels,  then  jerks  the  front 
wheel  up  and  continues  riding  on  the  back.  The 
height  of  the  centre  of  mass  of  the  system  is 
thus  increased  by  pushing  against  the  ground 
(think  over  what  movements  the  cyclist  must  do 
to  accomplish  this). 

1.22.  When  written  in  the  form 


F  — 


y 


TTl\tU2 


(<) 
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the  law  of  gravitation  is  indeed  for  point  bodies, 
i.e.  objects  whose  linear  dimensions  l  are  sig¬ 
nificantly  smaller  than  the  distances  R  between 
their  centres  of  mass. 

If  R  is  not  greater  than  l ,  then  we  must  be  care¬ 
ful  and  allow  for  the  shape  and  size  of  the  bodies 
involved.  Generally,  in  order  to  find  the  gravity 
force  between  two  bodies  we  must  divide  them 
into  small  parts  such  that  each  can  be  taken  as 
a  point,  find  the  forces  between  each  point  in 
the  first  and  second  bodies  and  find  their  vector 
sum.  This  is  how  we  must  calculate  the  forces 
acting  between  a  person  and  a  chair  or  a  stone 
and  the  earth,  there  will  then  be  no  infinity. 

Generally,  finding  the  vector  of  many  forces 
is  mathematically  very  complicated.  However, 
if  the  interacting  bodies  are  hollow  spheres  or 
balls  (with  a  uniform  mass  distribution  over  the 
surface  or  volume!),  then  the  gravity  force  can 
be  calculated  from  formula  (1)  even  when  the 
distance  between  their  centres  is  comparable 
with  their  radii,  and  this  relationship  is  valid 
down  to  R  =  Rx  +  R2  (Rx  and  R2  are  the  radii 
of  the  spheres  or  balls). 

For  the  bodies  of  arbitrary  form  at  small  R 
(R  is  assumed  to  be  equal  to  the  distance  between 
the  centres  of  mass)  the  interaction  force  cannot 
be  calculated  from  formula  (1).  For  example, 
the  centre  of  mass  of  torus  is  outside  the  torus. 
Therefore  a  small  ball  can  be  placed  inside  the 
torus  so  that  its  centre  of  mass  coincides  with 
that  of  the  torus:  R  will  thus  be  zero,  yet  the 
gravity  force  between  the  ball  and  the  torus  will 
not  tend  to  infinity.  On  the  contrary,  geomet¬ 
rically  summing  the  forces  acting  between  sep- 
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arate  parts  of  the  ball  and  the  torus  will  yield 
a  zero  resultant. 

To  conclude,  let  us  indicate  the  slip  in  the  text 
of  the  problem:  that  two  bodies  are  in  contact 
does  not  mean  the  distance  between  their  centres 
of  mass  is  zero.  Thus,  as  we  have  seen,  for  touch¬ 
ing  balls  we  have  R  ~  Rx  +  i?2- 

1.23.  The  magnitude  of  the  high  and  low  tides 
is  not  so  much  determined  by  the  gravity  force 


Fig.  S.1.11 


of  the  Sun  or  Moon,  as  by  the  difference  between 

the  Earth’s  centre  and  at  its  surface.  If  they  were 
equal,  these  forces  would  impart  the  same  ac¬ 
celeration  to  the  Earth  and  the  ocean  so  that  both 
would  move  as  a  single  whole  and  there  would 
be  no  tides. 

However,  the  centre  of  the  Earth  is  farther 
from  the  Moon  (or  the  Sun)  than  the  water  in  the 
ocean  on  the  side  facing  the  Moon  (or  the  Sun). 
Therefore  their  accelerations  will  differ  by 


A  a  = 


Y  M 

( d-R )2 


Y  M 

d 2 


=  Y  M 


d2-(d— R)2 
d 2  (d-R)2 


where  M  is  the  mass  of  the  Moon  (Sun),  d  is  the 
distance  between  its  centre  and  the  centre  of 
the  Earth,  R  is  the  radius  of  the  Earth,  and  y 
is  the  gravitational  constant  (Fig.  S.1.11). 


Solutions 


137 


Since  in  both  cases  R  <C  d,  we  have 


This  difference  based  on  the  “normal”  gravi¬ 
tational  acceleration  g  will  be 

Aa  o R  y M  y Me  _  2  M  /  R  \3 

g  cP  *  R2  Me  \  d  ) 

where  AfE  is  the  Earth’s  mass. 

For  the  Moon 

M  1  ,  R  1 

.Me  ~  81  anfl  d  ”  60  • 

Whence  for  the  relative  reduction  in  accelera¬ 
tion  (and,  consequently,  for  the  relative  reduction 
oni+h^cjdPv,facjnfgfha/MAnn)y 

we  get 

Aa  _  AP  2  1 

g  -  P  ~  81  X603  “  9X106  • 

For  the  Sun 


-M—  =  332,400  and  4 

M  E  d 

Whence  we  get 
Aa  A P  _  1 

g  ~~  P  ~  19  X  106  ’ 


1 

23,500  • 


Thus,  solar  tides  must  really  be  half  as  strong 
as  lunar  ones. 

1.24.  Formula  (1)  expresses  the  fact  that,  for 
the  same  distance  covered,  the  work  done  will 
be  larger,  the  larger  the  force  performing  the 
work.  Similarly,  expression  (2)  implies  that  for 
the  same  force,  the  work  increases  with  the  dis- 
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tance  covered.  (The  work  can  only  be  doubled 
by  doubling  the  force  if  the  distance  remains  the 
same;  or  the  work  is  proportional  to  the  distance 
if  the  force  remains  unchanged.)  Thus,  the  con¬ 
stant  term  in  formula  (1)  is  a  variable  in  formu¬ 
la  (2)  and  vice  versa. 

Hence,  equations  (4)  and  (5)  derived  from  (1) 
and  (2)  by  term-by-term  multiplication  and  di¬ 
vision  must  take  both  kx  and  k2  as  variables. 
Whence  it  follows  that  k3  and  kk  are  not  con¬ 
stants.  Indeed,  from  the  meaning  of  kx  and  k2 
we  can  deduce  that 

k3=YFs  and  ^4  ~  • 

By  putting  k3  and  kk  into  (4)  and  (5),  respec¬ 
tively,  we  obtain  the  tautologous  expressions 

A  =  yTs-VrS  =  Fs  and  F  =  -?-s  =  F 

This  sophism  is  not  only  related  to  the  formula 
for  work  but,  of  course,  to  all  formulas  ex¬ 
pressed  analytically  by  monomials. 

For  example,  in  the  case  of  uniform  motion 
the  distance  covered  is  proportional  to  both  ve¬ 
locity  and  time.  By  writing  this  as  two  formulas 
s  —  kxv  and  s  =  k2t 
we  get 

s=k3Y  vt, 
where 

k3  =  Y  k\k2  =  Vut  or  v  =  k^t, 
where 
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1.25.  No  violation  of  the  law  of  energy  con¬ 
servation  is  possible.  It  is  valid  in  all  known  pro¬ 
cesses.  We  needed  only  take  into  account  that 
the  collision  between  the  projectile  and  the  hand¬ 
cart  is  inelastic,  i.e.  part  of  the  projectile’s 
energy,  namely,  one  half,  is  spent  overcoming 
the  force  resisting  its  motion  inside  the  hand¬ 
cart  and  finally  it  is  transformed  into  heat,  while 
the  truck  is  set  in  motion  with  the  remaining 
energy. 

1.26.  If  coal  is  burnt  on  the  third  floor  height, 
the  potential  energy  of  the  combustion  products 
(water,  ashes,  carbon  dioxide,  carbon  monoxide, 
and  unburnt  coal  particles)  will  increase  exactly 
as  much  as  the  coal  potential  energy. 

1.27.  The  fuel  contained  in  the  tank  of  a  flying 
rocket  possesses  kinetic  energy  due  to  the  speed 
resulting  from  burning  fuel.  Therefore  the  ener¬ 
gy  possessed  by  each  kilogram  of  unburnt  fuel 
will  be  produced  from  both  the  heat  of  combus¬ 
tion  independent  of  the  rocket’s  velocity  and 
an  ever  increasing  kinetic  energy.  At  a  velocity 
of  about  3  km/s  the  kinetic  energy  of  a  kilogram 
of  fuel  is  comparable  to  its  heat  of  combustion, 
i.e.  the  store  of  chemical  energy;  by  the  time  it 
reaches  the  orbital  velocity  the  kinetic  energy 
of  the  fuel  is  three  times  that  of  the  heat  of  com¬ 
bustion.  It  is  this  fact  that  explains  the  paradox. 

1.28.  A  gas  balloon  displaces  a  greater  mass 
of  air  than  the  mass  of  the  balloon,  since  the 
latter  is  filled  with  a  gas  whose  density  is  lower 
than  air’s.  At  a  height  H  the  balloon’s  potential 
energy  is  increased  by  VDgH ,  where  V  is  the 
volume  of  the  balloon,  D  its  average  density  and 
£  is  free  fall  acceleration. 
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At  the  same  time  the  volume  the  balloon  oc¬ 
cupied  now  contains  air  that  was  pushed  down 
and  its  potential  energy  is  reduced  by  VD'gH, 
where  D'  is  the  air  density. 

As  a  result,  the  potential  energy  of  the  at¬ 
mosphere-air  balloon  system  is  lowered  by 

VgH  (J D '  —D)  >0. 

It  is  this  energy  loss  that  lifts  the  balloon.  Thus, 
the  same  reason  that  forces  wood  and  gas  bubbles 
to  float  in  water  is  evident,  i.e.  the  system  tries 
to  attain  the  state  of  minimum  potential  energy. 

We  assumed  for  simplicity  the  densities  of 
the  air  and  the  gas  in  the  balloon  were  constant. 
In  reality  the  air’s  density  decreases  with  height 
and  so  does  that  of  gas  filling  the  balloon  since 
the  balloon  expands  in  order  to  keep  the  pres¬ 
sure  inside  the  balloon  and  in  the  atmosphere 
the  same.  However,  the  gas’s  density  cannot  de¬ 
crease  infinitely  because  of  the  shell.  Therefore 
at  a  certain  height  the  air  density  becomes  equal 
to  the  average  density  of  the  balloon  and  the 
further  ascent  is  stopped. 

1.29.  When  rolling  down  a  hill,  the  hoop 
moves  along  the  ground  and  it  also  rotates  about 
its  centre. 

Therefore  the  right-hand  side  of  the  equation 
in  the  problem  for  the  law  of  energy  conservation 
must  be  supplemented  by  an  additional  term  for 
the  kinetic  energy  of  rotation,  W™*  : 

mgH=Wlkrans+Wrkot 

From  Fig.  S.1.12  it  can  be  seen  that  the  hoop 
moves  relative  to  its  centre  with  the  same  veloc- 
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ity  with  which  the  centre  itself  moves  relative 
to  Earth’s  surface.  Let  us  choose  a  point  B  on 
the  hoop  which  at  a  given  instant  is  in  contact 
with  ground  and  therefore  stationary  with  re¬ 
spect  to  it.  If  the  hoop’s  centre  possesses  a  velocity 


Fig.  s.1.12 

v  relative  to  the  Earth,  then  it  will  possess  the 
same  velocity  relative  to  the  point  B.  Yet  if  the 
centre  A  moves  relative  to  the  point  B  with  a 
velocity  y,  then  the  point  B  must  do  so  relative 
to  the  point  A*\  Every  point  on  the  hoop  is  equiv¬ 
alent  and  if  one  moves  relative  to  hoop’s  centre 
with  a  velocity  v,  then  the  others  have  to  do  so 
too.  We  can  conclude  that  the  following  equation 
is  valid: 


trans 


w  i1 


3)  We  used  the  expression  “the  velocity  of  point  A 
relative  to  point  B”  for  brevity;  of  course,  it  will  be  more 
correct  to  speak  about  the  velocity  of  a  point  relative  to 
the  reference  frame  related  to  the  Earth’s  surface  (or  one 
related  to  the  hoop’s  centre,  when  later  we  consider  the 
velocity  of  the  hoop  relative  to  the  hoop  centre). 
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However 


mv 2 


2 


therefore 
mgH  =  mv 2. 

Whence  for  the  velocity  gained  by  the  hoop  we 
have 


=  VgH. 


v 


By  substituting  H  ~  4.9  m  into  the  last  expres¬ 
sion  we  get: 

v=Y 9.8  m/s2  x  4  .9  m  ^  6.9  m/s. 

The  problems  on  calculating  the  velocity  of 
a  ball,  disk,  and  other  objects  rolling  down  a 
hill  have  to  be  solved  in  a  similar  fashion.  However, 
these  cases  are  more  difficult  to  handle,  since  the 
velocities  of  the  points  at  various  distances  from 
the  centres  of  these  objects  differ  and  this  sub¬ 
stantially  complicates  the  calculations.  To  solve 
these  problems,  it  is  useful  to  introduce  the 
notion  of  the  moment  of  inertia  which  plays  the 
same  role  in  the  dynamics  of  rotation  as  does 
mass  in  the  dynamics  of  translational  motion. 
If  a  body  slips  down  an  inclined  plane  without 
rotating,  then  W™1  =  0  and  the  velocity  can 
be  calculated  from  the  formula  given  in  the 
sophism. 

The  validity  of  this  argument  can  be  easily 
checked  experimentally,  i.e.  by  comparing  the 
time  taken  for  two  identical  bottles  of  the  same 
mass,  one  filled  with  water  and  the  other  with 
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a  mixture  of  sand  and  sawdust  to  roll  down  an 
inclined  plane. 

The  potential  energy  of  the  first  moving  bottle 
is  almost  completely  transformed  into  the  kinet¬ 
ic  energy  of  translational  motion,  since  water 
does  not  rotate,  except  for  a  very  thin  layer  next 
to  the  walls  of  the  bottle  (to  simplify  matters, 
we  neglect  here  bottle’s  own  mass). 

The  sawdust-sand  mixture  rotates  with  the 
bottle  and  a  significant  fraction  of  the  bottle’s 
potential  energy  is  transformed  into  rotational 
kinetic  energy.  Therefore  the  kinetic  energy  and, 
conseapently, ,  the,  velocity,  of_  translational  mor 
tion  turns  out  to  be  lower  for  the  second  bottle. 

1.30.  The  centre  of  mass  of  a  system  consist¬ 
ing  of  two  point  bodies  is  the  point  that  di¬ 
vides  the  distance  between  the  bodies  into  the  seg¬ 
ments  inversely  proportional  to  the  masses  of 
the  bodies.  Thus,  if  S  is  the  centre  of  masses  of 
two  bodies  m1  and  m2  lying  on  the  x-axis  at 
xx  and  x2,  respectively,  then 

_ rn2 

x2 — XS  m  i  ’ 

whence 

_  mlx1  -(-  m2x2 

Xs  m1  +  m2 

If  the  system  contains  one  more  mass  m3  at  x3 
on  the  x-axis,  then  the  centre  of  mass  of  the  whole 
system  will  be  the  centre  of  mass  of  (mx  -}-  m2) 
at  xs  and  of  the  mass  m3.  The  centre  of  mass  of 
the  system  will  be 

,,  (mi  m2)  xs  ~j~  m3x3  TU\Xi  -j-  m2x2 -j-  m3x3 

°~~  (mi  +  m2)  +  m3  m24*m3 


144  Physical  Paradoxes  and  Sophisms 

For  n  points  along  the  £-axis  the  centre  of  mass 
will  be  at 

^  _  mlxl  W2X2 ~l~  •  «  •  4~ 

0  ml  +  m2+  •  •  •  JTmn 

If  the  points  are  randomly  scattered  in  space 
rather  than  lying  on  the  x-axis,  then  two  equa¬ 
tions  are  needed  to  define  the  centre  of  mass  in 
space,  viz. 

__  miyi  +  m2y2+  : •  ■  +mnyn 
Uo  %  +  w2+...  +  mR  ’ 

Z  —  mlzl  +  ™2Z2>  ~f  ■»•+  mnzn 

0  ~~  %  +  w2+  ...  +  mn 

These  formulas,  called  the  Torricelli  formulas, 
or,  to  be  more  exact,  the  first  one  can  be  used  to 
solve  our  problem. 

In  order  that  the  upper  brick  does  not  fall  over 
the  lower  one,  the  centre  of  mass  of  the  top  brick 
must  lie  within  the  contour  of  the  support,  i.e., 


in  one  dimension  the  centre  of  mass  of  the  upper 
brick  x  must  not  be  larger  than  l  (see  Fig.  S.1.13). 
Thus,  the  increment  Ax±  by  which  a  brick  in  a 
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wall  can  overhang  the  lower  one  must  satisfy 
the  condition 


Now  let  us  consider  a  system  of  three  bricks 
and  the  admissible  overhang  of  the  middle  brick 
in  Fig.  S.1.14.  The  desired  increment  Ax2  can 


y 


Fig.  S.1.14 

be  found  by  taking  into  account  that  the  centre 
of  mass  of  the  two  upper  bricks  must  lie  within 
the  contour  of  the  bottom  brick,  i.e.,  an  ine¬ 
quality  must  be  satisfied: 

l  >  x0, 

where  x0  is  the  centre  of  mass  of  the  top  two  bricks 

i  w  (Ax2~\~  1/2.) tti  (Ax2~\- 1 1/2,) 


2m 


whence 
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For  a  system  of  four  bricks  (see  Fig.  S.1.15) 
we  have 

l> 

m  (Ax3  +  1/2)  +  m  (Ax3  +  Z/4  +  l /2)  +  m  (Ax3  +  l/A+l/2+1/2) 


3  m 


and 

Ax.^Z 


l 


3^  6  . 

In  a  similar  fashion  we  obtain 


Ax4<4-;  A.r5<;  1 


10 


Aarn<-;: 


2  n 


The  admissible  total  overhang  of  the  upper 
brick  is  the  sum 

,Axl  +  Ax 2  +  Ax3  +  .  4-  Axn 

=  t(1+t  +  t+  +t) 

It  is  known  that  the  sequence  in  the  brackets4* 
is  divergent,  i.e.  the  sum  of  the  sequence  grows 


A*-* 


/Ml 

Fig.  S.1.15 

without  limit  as  more  terms  are  added.  This 
means  that  as  the  number  of  bricks  tends  to 


4)  It  is  called  a  harmonic  sequence. 
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infinity  the  upper  brick  may  overhang  the  lower 
as  far  as  is  desired. 

1 .31 .  Both  statements  are  valid  if  we  assume 
the  third  term  in  each  formula  to  be  constant. 

Consider  two  points  on  a  rotating  disk  at  differ¬ 
ent  distances  from  the  axis  of  rotation.  Then, 
for  the  same  angular  velocity  o>,  a  point  farther 
from  the  axis  will  be  imparted  a  greater  centri¬ 
petal  acceleration.  This  can  be  easily  demonstrated 
experimentally  by  putting  two  objects  on  a  re¬ 
cord  player:  it  is  not  difficult  to  select  two  posi¬ 
tions,  such  that  the  object  farther  from  the  centre 
falls  over,  while  the  nearer  remains  standing. 

By  contrast,  for  the  same  linear  velocity  v 
two  rotating  points  will  have  centripetal  accel¬ 
erations  that  are  inversely  proportional  to  their 
rotation  radii.  For  example,  the  acceleration  of 
the  points  at  the  periphery  of  two  pulleys  of 
different  diameters  linked  by  a  belt  transmission 
or  two  gear  wheels  with  different  numbers  of 
teeth  will  be  different. 

Analogously,  there  are  two  formulas  for  cal¬ 
culating  the  power  consumed  in  an  electrical 
subcircuit: 

P  =  I2R  and  P  =  ^-. 

If  the  currents  are  identical  (this  is  the  case 
for  loads  connected  in  series),  the  power  dissipat¬ 
ed  in  each  subcircuit  will  be  proportional  to 
their  resistances.  When  subcircuits  are  connect¬ 
ed  in  parallel  (e.g.,  household  appliances  con¬ 
nected  to  the  mains)  the  voltages  across  the  ap¬ 
pliances  will  be  the  same,  while  the  power  con¬ 
sumed  by  each  subcircuit  will  be  inversely  pro¬ 
portional  to  their  resistances. 
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1.32.  Needless  to  say,  the  engine  is  impossible. 
However,  this  is  not  because,  as  is  sometimes 
stated,  the  sum  of  the  centrifugal  and  centripetal 
forces  vanishes.  This  is  wrong,  since  it  is  sense¬ 
less  to  add  forces  applied  to  different  bodies. 

The  direction  of  the  motion  of  a  liquid  not 
only  changes  along  the  arc  ACB,  it  also  changes 
near  points  A  and  B.  We  can  assume  that  near 
these  points  the  liquid  moves  along  arcs  of  very 
small  radius.  Therefore  the  centrifugal  forces 
acting  onto  the  tube  walls  exist  at  A  and  B  as 
well.  Their  direction  and  magnitude  are  such 
that  their  vector  sum  with  the  force  R  vanishes. 

It  is  interesting  to  note  that  “the  use  of  centri¬ 
fugal  force  to  ascend  beyond  the  limits  of  the 
atmosphere  and  into  the  heavens”  was  suggested 
by  Konstantin  Tsiolkovsky,  the  founder  of  the 
theory  of  space  flight,  when  young.  His  machine 
“consisted  of  a  closed  chamber  or  box,  in  which 
two  inverted  elastic  pendulums  with  balls  at  the 
upper  ends  oscillate.  These  balls  described  arcs 
and  the  centrifugal  force  of  the  balls  should  lift 
the  cabin  and  carry  it  into  the  heavens.”  (K.  E.  Tsi¬ 
olkovsky,  My  Life).  However,  Tsiolkovsky  soon 
realized  that  “the  machine  will  only  swing.  Its 
weight  will  not  decrease  one  bit”.  In  the  same 
fashion  the  weight  of  an  oscillating  pendulum 
suspended  from  a  rectangular  support  will  not 
decrease. 

The  simplest  way  of  proving  the  impractica¬ 
bility  of  all  such  engines  is  to  show  the  impos¬ 
sibility  of  setting  a  closed  system  in  motion  only 
using  internal  forces. 

1.33.  There  is  no  contradiction,  neither  is  the 
case  when  a  walking  man,  after  stumbling,  falls 
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forward,  even  though  his  feet  have  been  subjected 
to  a  braking  force  in  the  opposite  direction  to 
his  motion. 

In  both  cases  the  explanation  comes  from  the 
first  law  of  mechanics,  i.e.  the  law  of  inertia. 

1.34.  Usually  the  error  in  the  “deduction”  is 
thought  to  be  the  substitution  of  an  arc  by  a 
chord.  For  small  deflection  angles  the  substitu¬ 
tion  is  in  fact  rightful  and  admissible.  The  error 
lies  in  that  when  calculating  the  time  of  motion 
of  the  pendulum  along  chord  AB  (see  Fig.  1.13), 
we  assumed  the  acceleration  in  the  direction  of 
motion  was  constant  and  that  a  —  g  cos  a, 
where  a  is  the  angle  corresponding  to  the  maxi¬ 
mum  deviation  of  the  pendulum  from  its  equi¬ 
librium  position. 

Actually  the  pendulum’s  acceleration  in  the 
direction  of  the  trajectory  is  a  variable  reaching 
a  maximum  when  farthest  from  its  equilibrium 
position  and  vanishing  when  the  pendulum  pas¬ 
ses  through  the  equilibrium  position.  In  other 
words,  the  error  is  the  unlawful  use  of  formulas 
for  uniform  motion,  while  in  harmonic  oscilla¬ 
tory  motion,  velocity,  time,  distance  and  acce¬ 
leration  are  related  in  a  much  more  complicated 
fashion. 

1.35.  The  equation 
nui)2l  sin  a  =  m  |  g  |  tan  a 
can  be  rewritten  as 

mco2/  cos  a  sin  a  =  m  |  g  |  sin  a. 

Since  the  ball’s  mass  is  nonzero,  both  sides 
of  the  equation  can  be  divided  by  m : 

o )2Z  cos  a* sin  a  =  |  g  |-sin  a. 
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However,  you  cannot  infer  that  the  sine  of  the 
angle  sought  for  must  remain  nonzero.  In  other 
words,  by  eliminating  sin  a  we  eliminate  a  pos¬ 
sible  solution  (viz.,  a  =  0),  which  corresponds 
to  a  vertical  thread.  Meanwhile,  it  can  be  easily 
shown  that  at  low  angular  velocities  this  posi¬ 
tion  is  indeed  possible. 

Suppose  the  thread  with  the  ball  was  pushed 
by  chance  through  a  small  angle  a  from  vertical. 
Then  in  the  reference  frame  related  to  the  disk 
there  will  be  an  extra  force,  acting  on  the  ball, 
other  than  gravity,  P  =  mg,  namely,  the  cen¬ 
trifugal  force  of  inertia,  viz.  |  Fin  |  =  mco2/?  = 
mco2Z-sin  a.  The  thread  will  return  to  the  initial 
position  provided  the  moment  of  the  force  of 
gravity  about  A  (see  Fig.  1.14),  which  tends  to 
move  the  ball  towards  the  vertical,  exceeds  the 
moment  of  the  centrifugal  force  relative  to  the 
same  axis,  which  tends  to  move  the  ball  away 
from  the  vertical,  i.e. 

|  P  |  R  >  |  Fin  |  l  cos  a 

or 

m  |  g  |  Z  sin  a  >  mco2  Z  sin  a  l  cos  a. 

By  dividing  both  sides  of  the  inequality  by 
m,  Z,  and  sin  a  (the  latter  is  admissible  since 
we  have  assumed  that  the  angle  a,  though  small, 
is  nonzero),  and  transforming  the  resultant  in¬ 
equality  we  obtain: 

K  l cos  a  * 
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Since  the  angle  a  is  small  its  cosine  can  be  ap¬ 
proximated  to  unity  and  then  we  get 


0) 


<V 


/■  igi 


But  if  the  angular  velocity  of  the  machine  is 
such  that  o)  yi  then  the  vertical  position 

of  the  thread  is  unstable,  i.e.  a  deviation  due 
to  a  random  cause  will  grow  up  to  a  certain  angle 
a  that  can  be  found  by  the  method  described  in 
the  problem,  since  now  sin  a  will  be  nonzero  and 
dividing  both  sides  of  the  equation  by  it  is  ad¬ 
missible. 

Eventually,  the  problem  has  two  solutions 
depending  on  the  angular  velocity 

(1)  a  =  0  for  co  <  ]/  '-f-, 

(2)  a  =  arccos  ^  r  co  > 

To  summarize,  it  is  of  interest  to  note  that  for 

<■>-/  -f- 


the  period  of  the  cone  pendulum 


T 


2  n 
0) 


l 

Igl 


coincides  with  that  of  a  mathematical  pendulum 
of  the  same  length. 

This  means  that  when  the  disk  rotates  slowly 
random  displacements  of  the  thread  away  from 
the  vertical  will  induce  harmonic  oscillations 
of  the  ball  in  the  vertical  plane,  while  when  the 
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disk  rotates  rapidly  oscillations  are  transformed 
into  the  rotation  of  the  ball  in  a  horizontal  circle. 

1.36.  Often,  when  discussing  waves,  we  imply 
the  propagation  of  elastic  oscillations  which  in 
liquids  at  low  frequencies  can  indeed  only  be 
longitudinal.  However,  oscillations  are  not  al¬ 
ways  due  to  elastic  forces.  In  the  given  case  the 
transversal  waves  on  the  pond  surface  are  due 
to  the  force  of  gravity:  the  water  pushed  downward 
by  the  stone  is  then  pushed  upward  by  the  weight 
of  adjoining  water  layers.  Once  induced,  the  os¬ 
cillation  persists  until  the  energy  imparted  by 
the  stone  is  dissipated  both  to  overcome  liquid 
friction  and  to  set  in  motion  larger  areas  of  liq¬ 
uid  surface.  Transverse  oscillations  maintained 
by  the  force  of  gravity  can  thus  only  exist  at  an 
interface  between  liquid  and  gas  or  between  two 
liquids  of  different  density.  The  source  for  the 
waves  in  a  liquid  bordering  on  a  gas  can  be  cap¬ 
illary  forces  which  induce  waves  of  a  very  short 
wavelength,  i.e.  ripples. 

It  should  be  noted  that  at  high  frequencies 
liquids  show  elasticity  of  shear,  i.e.  elastic  trans¬ 
versal  waves  are  thus  possible. 

1.37.  A  sound  is  softer  when  both  prongs  of 
the  tuning  fork  are  aligned  along  a  single  straight 
line  to  the  ear.  This  can  only  be  explained 
by  the  difference  in  the  distances  travelled  by 
the  sound  waves  if  they  emerge  from  the  sound 
sources  in  phase  or,  more  exactly,  with  a  phase 
difference  that  is  multiple  of  2jt.  In  fact  the  prongs 
oscillate  out  of  phase:  when  one  prong  is  trans¬ 
mitting  a  compression  wave,  the  other  is  sending 
a  rarefaction  wave.  As  a  result,  when  the  prongs 
are  aligned  with  ear,  the  sound  waves  are  already 
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out  of  phase.  Therefore,  as  the  fork  is  brought 
close  to  ear,  the  waves  dampen  one  another  and 
we  discern  a  fall  in  the  sound.  The  few  centime¬ 
tres  that  separate  the  prongs  are  insignificant, 
since  the  path  difference  produced  is  substan¬ 
tially  smaller  than  a  wavelength. 

When  the  prongs  are  in  a  plane  parallel  to  ear, 
we  hear  a  louder  sound,  since  the  prongs  act  as 
a  single  acoustic  source:  when  the  prongs  move 
together  air  is  pushed  out  of  the  space  between 
them  and  a  compression  wave  comes  to  ear.  When 
the  prongs  move  apart  a  rarefaction  wave  begins. 
The  alternating  compressions  and  rarefactions 
are  perceived  as  sound. 

1.38.  The  sound  produced  by  a  tuning  fork  is 
gradually  weakening,  as  the  energy  of  its  oscilla¬ 
tions  is  released  into  the  environment.  The  energy 
is  dissipated  faster  if  the  tuning  fork  is  fastened 
to  a  resonator  or  is  simply  in  contact  with  a 
table,  since  the  energy  is  released  both  from  the 
tuning  fork  itself  and  from  the  surface  of  the 
resonator  or  the  table.  To  summarize,  though  in 
the  latter  case  the  sound  is  louder  it  lasts  for 
a  shorter  period,  while  the  energy  released  will 
be  the  same  in  both  cases. 

1.39.  The  impossibility  of  realizing  perpetual 
motion  machine  is  due  to  the  law  of  the  conser¬ 
vation  of  energy.  This  sophism  intentionally 
avoids  the  fact  that  the  force  due  to  pressure, 
like  pressure  itself,  is  normal  to  the  surface. 
Therefore  along  any  direction  in  which  motion 
is  feasible,  i.e.  horizontally,  only  the  horizontal 
component  and  not  the  whole  force  of  pressure 
acts. 

Let  the  left-hand  wall  area  be  S  and  the  av- 
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erage  pressure  acting  on  the  wall  be  p.  Then  the 
modulus  of  the  pressure  force  on  the  left  wall  can 
be  expressed  as 

I  ?!  I  PS. 

As  can  be  seen  from  Fig.  1.15,  the  area  of  the 
right-hand  wall  is  1/sin  a  more  than  that  of  the 
left-hand  wall,  since  it  is  by  this  ratio  that  the 
lengths  of  the  walls  in  the  drawing  differ. 

It  is  for  this  reason  that  given  the  same  aver¬ 
age  pressure  p  the  modulus  of  the  pressure  force 
on  the  right-hand  wall  is  different  than  that  on 
the  left-hand  wall,  namely 


However,  as  has  been  stated  above,  only  the 
horizontal  force  component  Fr  acts  along  the 
direction  of  feasible  motion  whose  modulus  is 

|  F  |  |  Fr  |  sin  a  =  pS. 

Thus,  the  forces  acting  from  right  to  left  and 
vice  versa  are  equal. 

This  can  be  proved  graphically  without  recourse 
to  trigonometry.  For  example,  the  similarity  of 
triangles  can  be  employed  (let  the  reader  do  the 
required  construction  independently).  It  is  even 
simpler  to  take  the  angle  a  =  30°  in  order  to  use 
then  the  relationship  between  the  triangle’s  leg 
and  hypotenuse. 

1.40.  It  turns  out  that  the  only  thing  to  blame 
is...  Archimedes’  law.  This  states  that  a  body 
immersed  in  a  liquid  and  in  equilibrium  dis¬ 
places  its  own  mass  of  liquid. 
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Using  this  principle,  let  us  consider  the  con¬ 
struction  of  a  comfortable  submarine.  According 
to  Jules  Verne,  the  Nautilus  had  a  volume  of 
1500  m3,  i.e.  she  displaced  approximately  1500 
tonnes  (t)  of  water  (approximately,  since  the 
density  of  sea  water  is  somewhat  higher  than 
that  of  fresh  water).  Consequently,  the  ship’s 
mass  must  be  1500  t  as  well,  of  which  150  t 
(and  150  m3)  is  due  to  water  ballast.  Thus,  the 
remaining  volume  of  1350  m3  must  accommodate 
1350  t  which  must  include  the  ship’s  body,  ma¬ 
chinery,  instrumentation,  crew,  furniture,  air 
for  breathing,  and  food. 

If  everything  is  manufactured  of  metal,  there 
is  no  special  problem,  since  1350  t  of  iron  take 
as  little  a  volume  as  115  m3  leaving  lots  of  spare 
room.  But  machines  and  equipment  are  far  from 
monolithic.  Consider,  for  example,  the  40D 
engine  manufactured  in  the  USSR.  It  has  a  mass 
of  10  t  and  requires  14  m3  of  space.  Thus,  in 
order  to  “sink”  it  needs  extra  force  equivalent 
to  the  weight  of  about  four  tonnes!  The  situation 
looks  somewhat  better  with  lead-acid  batteries 
which  have  a  mass  of  about  three  tonnes.  These 
batteries  not  only  do  not  need  any  extra  loading, 
they  even  compensate  for  the  underweight  of 
other  objects.  But  you  cannot  fill  a  whole  sub¬ 
marine  with  accumulators  or  even  simply  lead! 
We’d  simply  lack  space  for  anything  else! 

This  is  why  in  order  to  balance  weight  and  buo¬ 
yancy  the  designers  of  submarines  have  to  cut 
the  volume  of  submarine  rooms  to  a  minimum: 
the  cabins  are  very  small,  office  space  cramped, 
and  compartments  constrained  at  most. 

1.41.  A  buoyancy  force  appears  whenever  we 
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immerse  body  in  a  liquid,  even  in  the  water-in¬ 
water  case,  i.e.  an  imaginary  volume  of  liquid 
is  acted  upon  by  two  mutually  balanced  forces. 
However,  it  must  be  kept  in  mind  that,  accord¬ 
ing  to  Newton’s  third  law,  forces  always  appear 
in  pairs.  Therefore  if  we  have  Archimede’s  force 
directed  upwards  and  acting  on  the  volume  of 
liquid,  then  this  volume  acts  upon  the  rest  of 
the  liquid  volume  with  a  force  equal  to  the  weight 
of  the  “displaced  liquid”,  i.e.  its  own  weight. 
This  latter  force  is  directed  downwards.  Thus, 
although  “water  in  water  weighs  nothing”,  never¬ 
theless  upper  layers  press  down  on  lower  layers 
and  on  the  bottom  of  the  container  with  a  force 
equal  to  its  own  weight. 

The  same  reasoning  obviously  applies  to  air 
too. 

1.42.  The  liquid  filling  a  vessel  exerts  a  pres¬ 
sure  on  the  side  walls  as  well  as  on  the  bottom. 
The  pressure  p  is  always  directed  normal  to  the 
surface  it  acts  upon.  Therefore  the  pressure  forces 


Fig.  S .1 .16 

F$  on  the  side  walls  of  a  cylindrical  vessel  balance 
out,  whereas  the  forces  on  the  sides  of  a  conical 
vessel  have  a  resultant  Q  directed  either  up  or 
down  depending  on  vessel’s  shape  (see  Fig. 
S.1.16). 
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If  the  vector  sums  Rt  -f  Q  and  R2  +  Q  (see 
the  statement  of  the  problem)  are  calculated  and 
compared,  these  will  be,  as  might  be  expected, 
the  same. 

1.43.  The  lift  force  Fg  of  a  certain  gas  volume 
V g  is  equal  to  the  difference  between  the  weight 
Pa  of  air  displaced  by  the  gas  and  the  gas’s  own 
weight  Pg: 

Fg  =  Pa  Fg- 

Since  the  modulus  of  a  gas’s  weight  can  be 
expressed 

I  P  I  =  D*  I  g  I  V„ 

where  D  is  the  gas’s  density  and  g  is  the  acceler¬ 
ation  due  to  gravity,  we  can  write 

I  Fg  |  =  (Z)a  —  Dg)  \g\V 

For  helium 

I  FHe  I  =  (D,  -  Duo)  \  g\V 

Analogously,  for  the  same  volume  of  hydrogen 

I  FIl2  I  -  (D,  —  £>h2)  |  g  |  V 

Let  us  consider  the  ratio  of  the  lift  forces 
|  Fhp  |  Da  -  £>He 

I  ^H2  I  “  Dili 

By  substituting  in  the  densities,  we  get 

I  FHel  ^  (1-29  —  0.178)  kg/m3  0  92 
|FH2|  ■  (1.29-0.089)  kg/m3 

Thus,  the  lift  force  remains  practically  un¬ 
changed. 
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For  an  arbitrary  gas  Eq.  (1)  can  be  rewritten  as 


I  Fg  I 


|FH2  I  D‘d 

Da-Dh2 


1  Fh2  I 

Da-Duz 


Dg—A  —  B*Dg. 


Hence,  we  readily  see  that  a  balloon’s  lift  force 
linearly  diminishes  with  an  increase  in  the  den¬ 
sity  of  the  gas  tilling  the  balloon.  The  force 
vanishes  when  the  density  cf  the  gas  equals  the 
density  of  the  surrounding  air.  On  the  other 
hand,  if  the  gas  density  were  zero,  we  see  that 
even  then  the  balloon’s  lift  would  be  only  1.06 
times  higher  than  that  of  the  hydrogen-filled 
one5). 

1.44.  The  pressure  in  a  wind  flow  blowing 
over  a  roof  is  lower  than  that  in  stationary  air. 
Therefore,  if  a  garret  has  no  windows,  a  lift 
force  emerges  that  tends  to  pull  off  the  roof  or 
its  tiles.  Yet  if  there  are  windows,  the  air  under 
the  roof  will  be  set  in  motion,  the  difference 
between  the  pressures  over  the  roof  and  under 
it  decreases  and  becomes  too  small  to  damage 
the  building. 

The  paradox  can  be  formulated  in  another  way: 
why  during  hurricanes  are  roofs  not  crushed  by 
the  wind  pressure,  but  are  instead  thrown  up¬ 
wards?  Or  why  do  blast  waves  flow  over  con¬ 
tinuous  fences  but  leave  thin  poles  intact?  Re¬ 
member  also  that  one  has  to  open  his  (her)  mouth 
during  gunshots  in  order  to  ensure  the  same  pres¬ 
sure  on  both  sides  of  ear-drum  (from  the  side  of 
the  helix  and  from  the  side  of  Eustachian  tube). 


5)  Vacuum  has  zero  density.  It  is  of  interest  that  as 
early  as  1670  the  Italian  priest  Francesco  Lana  (1031- 
1687)  proposed  employing  thin-walled  evacuated  spheres 
lor  lifting  in  air. 
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1.45.  Braking  against  banks,  the  bottom,  and 
the  air  adjoining  the  surface  results  in  that 
water  in  a  river  moves  fastest  in  the  middle  of 
the  river,  just  under  its  surface.  The  velocity 
distribution  in  depth  is  approximately  as  shown 
in  Fig.  S.1.17. 


Fig.  S.1.17 


Therefore,  as  the  loading  on  the  raft  increases, 
so  does  its  draught,  and  thus  the  bottom  of  the 
raft  is  submerged  down  into  faster  layers  and  so 
the  raft  starts  to  move  faster. 

By  the  by,  this  was  one  of  the  reasons  for  the 
accident  which  nearly  killed  Henry  Watzinger, 
a  crew  member  on  the  Kon-Tikiy). 


Ch.  2.  Heat  and  Molecular  Physics 

2.1.  The  compressibility  of  liquids  is  negligible: 
for  water  the  decrease  in  volume  amounts  to 
about  0.00005  of  the  initial  value  per  atmosphere 
of  pressure  applied. 


6)  T.  Heyerdahl,  Kon-Tiki,  Across  the  Pacific  by  Haft. 
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We  can  easily  calculate  that  water  has  the 
same  density  as  steel  at  a  pressure  of  50,000  atm 
(and  this  will  only  be  true  if  water’s  compres¬ 
sibility  remains  constant  with  pressure).  Such 
a  pressure  would  exist  at  a  depth  of  500  km.  If 
iron’s  compressibility  is  taken  into  account,  the 
required  depth  would  increase  even  more.  Mean¬ 
while,  the  deepest  point  in  the  ocean  only  corre¬ 
sponds  to  about  11  km. 

Note,  by  the  way,  that  water  is  appreciably 
compressed  by  its  own  weight.  Were  it  relieved 
from  compression  forces,  the  water  level  in  the 
oceans  would  rise  up  by  35  m  and  a  vast  area 
(about  5,000,000  km2)  of  the  lowland  regions  of 
the  Earth  would  be  submerged. 

2.2.  High  above  the  Earth’s  atmosphere  the 
air  is  very  rarefied  and  the  number  of  molecules 
per  unit  volume  is  small.  Therefore,  although 
each  molecule  possesses  a  noticeable  kinetic 
energy,  the  number  of  particles  is  too  small  to 
transfer  much  energy  in  collisions  with  a  satellite. 
By  contrast,  when  the  satellite  is  not  illuminated 
by  the  Sun,  it  gives  up  via  radiation  much  more 
energy  into  outer  space  than  it  receives  from 
the  striking  molecules  and  it  could  be  cooled 
very  severely  if  not  suitably  protected. 

The  heating  of  the  satellite  in  the  denser  layers 
of  the  atmosphere  when  landing  is  entirely  due 
to  different  reasons.  It  is  due  to  the  friction  of 
the  satellite’s  surface  against  the  air. 

Moreover,  the  notion  of  temperature  is  inap¬ 
plicable  to  a  single  molecule.  Temperature  is  a 
statistical  quantity  and  is  only  applicable  when 
there  is  a  large  enough  number  of  particles.  This 
was  why  the  problem  was  formulated  thus  “...air 
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molecules  have  velocities  corresponding  to  tem¬ 
peratures  of  several  thousands  of  degrees  Centi¬ 
grade”. 

2.3.  Let  us  pour  off  half  the  cold  water  into 
vessel  D  and  insert  it  into  the  vessel  filled  with 
hot  water.  It  can  be  easily  estimated  that  in  the 
absence  of  thermal  losses  the  temperature  in 
vessels  A  and  D  will  settle  at  60°C.  Then  let  us 
pour  the  warmed  up  water  from  vessel  D  into 
the  empty  vessel  C  and  repeat  the  procedure 
with  the  remaining  cold  water.  When  put  in 
contact  using  vessels  A  and  D ,  the  water  tem¬ 
perature  in  both  will  settle  at  about  47°C.  If 
we  now  pour  the  water  from  D  into  C,  the  tem¬ 
perature  of  the  mixture  in  the  latter  will  be 
about  53°C.  Thus  the  problem  is  solved,  since  the 
cold  water  has  been  heated  to  53°C  by  cooling 
the  hot  water  to  47°C,  without  mixing  the  water. 

If  the  water  is  not  divided  into  two  each  time 
but  into  a  larger  number  of  portions,  the  differ¬ 
ence  in  the  final  temperatures  would  be  even 
more  sizeable;  at  the  limit  of  infinitesimal  por¬ 
tions  of  water  the  final  temperatures  in  A  and  C 
will  be: 

T  a  =  T2  +  TJ~Il  Tc  —  T1  —  TlzJj 

e  e 

where  Ti  and  T2  are  the  initial  temperatures  of 
the  hot  and  cold  water,  respectively,  and  e  is 
the  base  of  natural  logarithm. 

It  is  possible  to  construct  a  setup  in  which  the 
temperatures  are  practically  exchanged.  This 
is  done  in  industrial  heat  exchangers,  where  the 
hot  and  cold  counterflows  are  passed  through 
coaxial  tubes.  In  long  tubes  the  temperature 
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exchange  is  practically  complete,  as  is  shown 
in  Fig.  S.2.1.  If  the  two  flows  were  passed  in  the 
same  direction,  the  temperatures  would  at  best 
only  equalize. 

We  want  to  stress  that  no  violation  of  the 
second  law  of  thermodynamics  (see  Problems 
2.25-2.27)  occurs  here  since  at  every  stage  the 
temperature  of  the  flow  of  liquid,  to  which  heat 
is  transferred,  is  lower  than  that  of  the  flow  do¬ 
nating  the  heat.  This  effect  can  be  clearly  seen 


from  Fig.  S.2.1,  where  the  lower  curve  represents 
the  temperature  of  the  receiving  liquid. 

2.4.  Adding  a  layer  of  thermal  insulation 
doubled  the  area  of  the  heat  radiating  surface. 
Thus  if  the  thermal  conductivity  of  the  insulation 
material  is  not  too  small,  the  losses  may  indeed 
increase. 

2.5.  To  measure  temperature  any  scale  can  be 
used.  The  laws  of  physics  do  not  change  from 
one  scale  to  another,  so  the  calculation  of  the 
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amount  of  heat  needed  to  heat  the  body  can  be 
made  using  either  formula.  However,  the  numeri¬ 
cal  values  of  the  quantities  whose  definition 
contains  the  notion  of  temperature  will  be  quite 
different.  For  example,  the  numerical  value  of 
the  heat  capacity  of  water  in  the  Celsius  scale 
will  be  1.25  times  larger  than  that  in  the  Reaumur 
scale,  i.e.  it  will  change  from  4.19  kJ/(kg*°C)  to 
5.23  kJ/(kg*°R).  However,  since  according  to 
Reaumur’s  scale  water  boils  at  80°R,  the  heat 
needed  to  heat  0.1  kg  of  water  from  the  melting 
point  of  ice  to  the  boiling  point  of  water  will 
be  the  same  and  equal  to  41.9  kJ. 

2.6.  This  sophism  only  contains  a  seeming 
contradiction  since  in  both  cases  the  work  done 
against  external  forces  must  come  from  some 
energy  source.  In  the  first  case  the  energy  is 
delivered  to  the  system  from  without,  i.e.  from 
a  heater,  and  in  the  second  case  the  work  is 
produced  due  to  a  loss  of  the  internal  energy  of 
the  body. 

The  internal  energy  depends  on  the  velocities 
and  arrangement  of  the  molecules  which  corre¬ 
spond  to  the  molecular  kinetic  and  molecular 
potential  components  of  internal  energy.  The 
solidification  of  a  liquid  is  accompanied  by  a 
substantial  change  in  the  pattern  of  motion  and 
arrangement  of  the  molecules,  while  their  veloc¬ 
ities  remain  practically  unchanged.  The  mole¬ 
cules  in  the  crystal  lattice  of  a  solid  are  strictly 
ordered  to  match  to  a  minimum  molecular  poten¬ 
tial  component.  The  excess  energy  is  dissipated. 
This  is  called  the  heat  of  solidification  (or  melt¬ 
ing).  It  is  this  heat  that  breaks  a  hermetically 
sealed  iron  shell  when  water  inside  it  is  frozen. 
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Let  us  consider  another  example.  When  steam 
from  a  boiler  is  supplied  into  the  cylinder  of  a 
steam  engine,  the  work  done  to  displace  the 
piston  is  performed  due  to  the  energy  fed  with 
the  steam.  However,  when  the  cylinder  is  iso¬ 
lated  from  the  boiler,  the  steam  displaces  the 
piston  due  to  a  loss  of  its  internal  energy,  namely, 
its  molecular  kinetic  component.  The  steam  is 
thus  cooled.  This  mode  of  operation  was  first 
employed  in  1776  by  James  Watt  (1736-1819) 
and  enables  using  the  steam’s  energy  more  effec¬ 
tively. 

2.7.  Since  the  forces  of  interaction  between 
air  molecules  are  practically  vanishing,  the 
energy  of  compressed  gas  is  the  kinetic  energy 
of  its  molecules.  The  work  done  to  compress  the 
gas  increases  the  kinetic  energy  of  its  molecules 
which  manifests  itself  in  a  rise  in  its  temper¬ 
ature.  When  the  air  expands  it  performs  work 
due  to  a  loss  of  its  internal  energy,  i.e.  due  to 
a  fall  in  the  kinetic  energy  of  the  molecules.  If 
external  energy  is  not  supplied  from  without, 
a  gas’s  temperature  when  expanding  falls.  How¬ 
ever,  in  practice  it  is  quickly  raised  due  to  the 
heat  exchange  with  the  environment.  Thus, 
compressed  air  performs  work  due  to  the  inter¬ 
nal  energy  of  the  environment.  Though,  it  is 
to  be  noted  that  the  same  amount  of  energy  is 
given  up  to  the  environment  by  the  air  heated 
during  the  compression  stage. 

2.8.  Like  the  sophism  concerning  the  disap¬ 
pearance  of  the  potential  energy  of  coal  (see 
Problem  1.26),  this  problem  does  not  take  much 
trouble:  energy  cannot  disappear,  it  is  only 
transformed  from  one  kind  to  another.  In  fact, 
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precise  measurements  would  demonstrate  that 
dissolving  the  bent  strip  results  in  a  higher 
temperature  of  the  acid  than  dissolving  the  un¬ 
bent  strip.  Though,  the  temperature  elevation 
is  so  small  that  it  cannot  be  detected  by  simple 
menus  and  a  cojiyenliojiaL  thermometer,  would 
be  inadequate. 

Note  though  that  an  unbent  strip  dissolves 
more  quickly. 

2.9.  Work  is  a  process  resulting  in  an  energy 
transfer  from  one  body  to  another.  The  amount 
of  energy  transferred  can  be  defined  as  force 
multiplied  by  distance  (if  their  directions  coin¬ 
cide,  otherwise  a  third  multiplier,  i.e.  the  cosine 
of  the  angle  between  the  directions  of  the  dis¬ 
placement  and  the  force,  is  required). 

Work  is  a  possible  yet  not  the  only  method  of 
energy  transfer.  In  everyday  life  we  no  less 
often  encounter  a  second  method  of  energy  trans¬ 
fer  between  bodies,  that  of  heat  transfer. 

A  rocket  “hovers”  immobile  even  though  its 
engines  are  running.  Since  there  is  no  displace¬ 
ment,  there  is  no  work.  This  does  not  at  all 
mean  that  the  energy  of  burnt  fuel  disappears, 
the  gases  ejected  from  the  rocket  nozzles  are 
at  high  temperature  and  take  away  the  energy 
previously  contained  in  the  fuel  tanks. 

2.10.  As  was  indicated  in  the  solution  of  the 
previous  problem,  there  are  only  two  radically 
differing  forms  of  energy  exchange,  viz.  work 
(the  ordered  transfer  of  energy  from  one  body 
to  another,  i.e.  energy  transfer  at  the  macro¬ 
scopic  level)  and  heat  transfer  (a  disordered  form, 
i.e.  energy  transfer  at  the  microscopic  level). 
Notwithstanding  their  qualitative  difference. 
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these  processes  can  lead  to  the  same  result.  Here 
lies  “the  equivalence  between  heat  and  work” 
Let  us  consider  a  specific  example. 

Suppose  air  is  contained  under  a  piston  in  a 
cylinder.  The  air  can  be  heated  in  several  ways. 
For  example,  heat  can  be  supplied  by  a  heater 
with  the  piston  fixed  in  one  position.  This  is 
called  an  isochoric  process.  Under  isochoric 
heating  the  heat  capacity  of  air  is  0.73  kJ/(kg-K) 
and  the  amount  of  heat  needed  to  heat  1  kg  of 
air  to  1  K  is  then 

A Q  =  mcv  A77  =  1  kg  X  0.73  kJ/(kg-K)-l  K 

=  0.73  kJ, 

where  cv  is  the  isochoric  specific  heat  capacity. 

Since  the  piston  is  fixed,  the  gas  does  not  do 
any  work  against  external  forces  and  all  the 
heat  supplied,  i.e.  0.73  kJ,  is  spent  to  increase 
the  air’s  internal  energy,  this  resulting  in  a 
temperature  rise  of  1  K. 

However,  the  same  temperature  rise  and  the 
same  increase  in  the  internal  energy  can  be 
reached  by  another  method,  namely,  by  supply¬ 
ing  energy  not  via  heat  transfer,  but  via  gas 
compression. 

A  process  occurring  without  any  heat  exchange 
with  the  surroundings  is  called  adiabatic.  For 
the  process  to  be  adiabatic  the  air  must  be  con¬ 
tained  in  a  non-heat-conducting  shell.  A  good 
approximation  to  this  ideal  is  a  system  in  which 
the  gas  is  contained  inside  a  glass  vessel  with 
double  silvered  walls  and  a  vacuum  in  the  space 
between  the  walls  (a  Dewar  flask). 

Very  fast  processes  are  also  practically  adia¬ 
batic.  For  example,  when  the  gas  is  rapidly  com- 
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pressed  heat  exchange  with  the  surroundings  is 
impossible  and  the  increase  in  the  gas  internal 
energy  will  be  equal  to  the  work  done  to  compress 
it.  This  increase  is  accompanied  by  a  rise  in 
temperature  cyclists  know  from  pumping  up 
tyres. 

It  is  known  from  thermodynamics  that  in  an 
adiabatic  process  gas’s  volume  and  temperature 
are  related 

T^V\~x=T2Vl- 

where  T  is  the  gas  temperature  in  kelvins  and  y 
is  a  constant  (the  ratio  between  iso  baric  and 
isochoric  heat  capacities),  which  is  1.4  for  air. 

By  assuming  the  initial  volume  occupied  by 
1  kg  of  air  is  1  m3  and  the  initial  temperature  is 
273  K,  we  get  the  volume  to  which  the  gas  must 
be  adiabatically  compressed  to  rise  its  temper¬ 
ature  to  274  K,  i.e., 

V*-V'Y%- 1  ™’VWr=‘>M  ">*• 

To  sum  up,  it  is  worth  noting  that  the  equival¬ 
ence  between  heat  transfer  and  work  (heating 
bodies  without  supplying  heat  to  them)  was 
unconsciously  used  even  in  ancient  times  when 
they  produced  fire  by  friction.  It  was  only  in 
1795  that  Sir  Humphrey  Davy  (1778-1829)  and 
Benjamin  Thompson  (Count  Kumford)  (1753- 
1814)  in  more  detail  in  1798  embarked  on  exper¬ 
imental  research  of  this  phenomenon  the  physics 
of  which  was  fully  understood  after  works  by 
Julius  Mayer  (1814-1878),  Ludwig  Colding  (1815- 
1888),  James  Joule  (1818-1889)  and  Hermann 
Helmholtz  (1821-1894). 
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2.11.  When  using  a  soldering  iron  it  is  not 
the  internal  energy  of  the  iron  that  is  important 
(especially,  if  the  soldering  iron  is  electric),  but 
rather  the  rate  at  which  it  is  released.  Since  the 
heat  conductivity  of  copper  is  six  times  that  of 
iron,  heat  is  released  much  faster  if  the  soldering 
iron  is  made  of  copper.  Of  vital  importance  in 
choosing  material  for  a  soldering  iron  is  the 
better,  as  compared  to  iron,  chemical  resistance 
of  copper. 

2.12.  Even  if  we  take  a  substance  with  a  high 
coefficient  of  thermal  expansion,  the  value  of 
— 1/a  is  much  less  than  — 273°C,  i.e.  absolute 
zero.  Thus,  for  lead  a  =  3  X  10~6  °C_1  and 
— 1/a  =  — 3  X  106  °C.  Such  temperatures  are  be¬ 
yond  reach  (to  state  it  better,  they  are  nonexis¬ 
tent). 

In  analyzing  the  sophism  it  is  important  to 
keep  in  mind  the  dependence  of  the  coefficient 
of  thermal  expansion  on  temperature,  too. 

2.13.  We  must  always  distinguish  between  a 
force  to  perform  a  work  and  a  force  against  which 
a  work  is  performed.  Sometimes  the  magnitudes 
of  these  forces  do  not  match;  therefore,  with  the 
same  displacements,  the  works  performed  by 
these  forces  may  not  only  differ  in  sign  (this  is 
always  so),  but  in  magnitude,  too. 

For  example,  when  lifting  a  balance  weight 
of  1  kg  at  a  height  of  1  m,  we  perform  work  A  = 
mgH  =  1  kg  X  9.8  m/s2  X  1  m  =  9.8  J  only 
when  the  force  applied  to  the  weight  is  9.8  N. 
The  energy  expended  is  then  transformed  to  the 
weight’s  potential  energy. 

Yet  it  is  possible,  when  lifting  a  balance  weight, 
to  apply  a  force  exceeding  9.8  N.  In  this  case 
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the  excess  force  will  result  in  an  accelerated 
motion  and  in  an  increase  in  the  weight’s  kinetic 
energy.  The  sum  of  the  potential  and  kinetic 
energies  at  the  height  of  1  m  will  be  equal  to  the 
work  performed  by  the  man’s  arm  during  this 
displacement. 

The  problem  also  deals  with  the  force  perform¬ 
ing  work,  that  of  atmospheric  pressure,  the  force 
against  which  work  is  performed,  that  of  gravity 
on  the  mercury  column  in  the  tube. 

The  work  of  the  first  force  is  the  same  for 
both  tubes  and  can  be  calculated  from  the  formula 

^4  at  =  Pa  t  ’ 

where  pat  is  the  atmospheric  pressure  and  V  is 
the  internal  volume  of  each  tube,  the  bulge  in¬ 
cluded. 

As  to  the  second  force,  the  work  it  performs 
can  in  principle  be  calculated  from  the  same 
formula.  However,  in  practice  this  is  not  easy, 
since  the  pressure  in  the  mercury  column  is  con¬ 
stantly  changing  as  the  tube  is  filled.  Immediately 
after  the  taps  are  opened  the  pressure  is  zero, 
as  there  is  no  mercury  in  the  tubes.  Then  the 
pressure  forces  grow  as  the  column  rises.  The 
growth  is  slower  in  the  right-hand  tube,  where 
the  bulge  is  lower,  and  until  it  is  filled  with 
mercury  the  pressure  only  changes  slightly. 
Therefore  the  mean  pressure  turns  out  to  be 
higher  in  the  left-hand  tube,  since  here  the  mer¬ 
cury  column  rises  fast.  Hence,  the  work  done 
against  pressure  forces  will  be  larger. 

Thus,  the  work  done  by  the  atmospheric  pres¬ 
sure  forces  is  the  same  in  both  cases,  yet  it  is 
performed  not  only  to  increase  the  potential 
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energy  of  the  mercury,  but  to  accelerate  it  and 
to  overcome  friction.  When  mercury  stops  rising, 
its  kinetic  energy  transforms  to  heat.  The  same 
heating  accompanies  the  friction  of  mercury 
against  tube  walls. 

In  both  cases  the  sum  of  the  energies  spent 
heating  the  mercury  and  increasing  its  potential 
energy  equals  the  work  of  the  atmospheric 
pressure  forces,  but  the  second  term  is  larger  for 
the  left-hand  tube. 

2.14.  A  liquid  rises  in  a  capillary  tube  when 
the  force  of  attraction  between  the  molecules  of 
the  liquid  and  those  of  tube  exceed  the  cohesive 
forces  between  the  molecules  of  the  liquid.  Thus, 
the  work  done  to  raise  the  liquid  is  performed 
at  the  expense  of  the  fall  in  potential  energy  of 
the  liquid-tube  system  configuration.  (Analogous¬ 
ly,  a  permanent  magnet  attracts  an  iron  piece 
due  to  the  accompanying  decrease  in  the  potential 
energy  of  the  magnet-iron  piece  system.) 

Yet  if  the  cohesive  forces  between  the  molec¬ 
ules  of  the  liquid  exceed  the  forces  of  attraction 
between  these  molecules  and  those  of  the  tube 
material,  the  potential  energy  of  the  system 
decreases  with  the  liquid  falling  in  the  tube. 

2.15.  A  sugar  solution  in  water  has  a  larger 
coefficient  of  surface  tension  (larger  specific 
surface  energy)  than  does  water.  This  is  why 
the  surface  occupied  by  the  sugar  solution  tends 
to  shrink  and  carries  with  it  the  matches  to  the 
lump  of  sugar. 

When  soap  is  dissolved  the  water  tension  de¬ 
creases  (by  the  way,  this  is  the  cause  of  the 
washing  action  of  water),  the  surface  occupied 
by  the  soap  solution  extends  and  the  matches 
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follow  the  interface  with  pure  water  retreating 
to  the  rim  of  the  plate. 

2.16.  The  answer  will  be  assisted  by  an  un¬ 
sophisticated  experiment.  Take  some  steel  or 
copper  wire  1-2  mm  in  diameter  and  heat  it  in 
a  flame.  When  it  has  cooled  slowly  the  wire  is 
flexible,  it  can  be  easily  bent  into  circles.  How¬ 
ever,  when  bent  from  side  to  side  a  few  times, 
the  wire  gradually  becomes  more  and  more  rigid. 
This  hardening  due  to  loading  is  called  cold-work 
hardening.  It  can  be  explained  by  the  mutual 
compensation  of  the  different  defects  in  crystal 
lattice.  The  theory  is  rather  involved  and  cannot 
be  presented  here  in  a  rigorous  way  7). 

Drawing  results  in  a  cold-hardening  which 
hardens  the  wire  passing  through  dye  hole  (draw¬ 
ing  eye).  With  repeated  drawing  it  is  preceded 
every  time  with  annealing  of  the  wire  to  facili¬ 
tate  the  process. 

2.17.  The  error  in  the  solution  in  the  text  is 
the  wrong  assumption  that  after  the  addition 
of  boiling  water  all  the  ice  will  melt.  Actually, 
there  is  too  little  hot  water  and  some  ice  will 
survive,  while  the  temperature  will  not  rise 
above  0°C,  Therefore,  to  draw  up  the  heat  balance 
equation  we  must  account  for  the  amount  of  heat 
supplied  by  the  boiling  water 

1  kg  x  4.19  kJ/(kg  x  °C)  X  100°C 
and  that  expended  in  melting  the  ice 
m  X  335  kJ/kg, 

where  m  is  the  mass  of  melted  ice. 

7)  Anyone  interested  in  it  should  turn  to  a  course  on 
the  theory  of  solids, 
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The  jar  does  not  enter  the  heat  balance,  since 
its  temperature  is  left  unchanged.  By  equating 
the  above  expressions,  we  find  m  =  1.25  kg. 

Hence,  the  jar  will  contain  2.25  kg  of  water 
and  0.05  kg  of  ice  and  their  mixture  will  have 
a  temperature  of  0°C. 

To  sum  up,  the  heat  balance  equation,  when 
a  substance  goes  over  from  one  state  of  aggrega¬ 
tion  into  another  (for  example,  from  solid  to 
liquid  or  from  liquid  to  gas)  has  to  be  carefully 
compiled  with  due  account  for  the  possibility 
of  an  incomplete  transition  8). 

2.18.  At  any  temperature  a  liquid  contains 

hath.  fast.  acuL  <Law.  ioju pro¬ 

ceeds  due  to  the  escape  from  the  liquid  of  fast 
molecules  which  possess  energies  sufficient  to 
overcome  the  forces  of  cohesion  with  the  remain¬ 
ing  liquid.  After  the  escape  of  the  fast  molecules, 
the  average  velocity  of  the  remaining  ones  de¬ 
creases.  The  same  holds  for  the  average  liquid 
temperature  governed  by  the  average  velocity 
of  the  molecules.  Following  this,  the  temperatures 
cease  to  be  equal  and  heat  exchange  becomes 
feasible. 

2.19.  Without  being  embarrassed  (one  of  the 
examiners  was  the  young  but  already  well-known 
Enrico  Fermi)  the  student  nevertheless  under¬ 
stood  the  question  and  answered  correctly:  “When 
food  is  fried,  it  is  not  the  oil  that  boils  but  the 
water  in  food.” 

In  fact  the  temperature  of  the  food  will  not 
rise  above  100°C  until  all  the  water  boils  away. 

8)  Generally,  here  we  should  speak  not  of  the  transi¬ 
tion  from  one  state  of  aggregation  into  another,  but  the 
phase  transition  of  the  first  kind. 
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This  is  why  water  can  be  boiled  in  a  paper 
bag. 

2.20.  As  the  pressure  is  lowered,  the  water 
boils  at  a  lower  temperature.  Therefore  in  moun¬ 
tains,  where  the  atmospheric  pressure  is  lower 
than  at  sea  level,  water  can  boil  at  80°C  or  lower, 
since  the  drop  in  the  boiling  point  of  water 
amounts  to  3°C  per  kilometer  of  altitude  above 
sea  level.  This  phenomenon  is  well  known  to 
mountaineers  who  use  it  sometimes  to  check 
the  height  they  have  reached. 

However,  it  is  not  the  fact  of  the  water  boiling 
itself  that  is  important  but  the  effect  of  the 
boiling  water.  Who  needs  “boiling  water”  with 
a  temperature  of,  say,  60°C?  It  cannot  soften 
meat  or  fish,  nor  sterilize  medical  equipment, 
nor  even  satisfy  a  tea  lover. 

A.G.  Dralkin,  the  leader  of  the  Fourth  Soviet 
Antarctic  expedition,  reported  that  during  their 
journey  by  caterpillar  vehicles  from  Mirny  to 
the  South  pole  and  farther  to  the  Vostok  station, 
they  were  forced  to  ascend  to  above  3500  m. 
At  these  altitudes  it  was  impractical  to  boil 
food  because  the  atmospheric  pressure  was  too 
low  and  water  boiled  at  between  55  and  60°C. 
It  could  take  as  much  as  6  or  7  hours  to  cook 
meat.  Later  they  installed  pressure  cookers  in  the 
vehicles’  galleys.  9) 

2.21.  Here  as  in  the  previous  problem,  we  need 
know  that  the  boiling  point  of  water  is  pressure- 
dependent.  For  instance,  at  40  atm  the  boiling 


9)  Bear  in  mind  that  atmospheric  pressure  in  the 
Antarctic  is  in  any  case  lower  than  elsewhere.  Such  re¬ 
gions  are  called  in  meteorology  atmospheric  depressions. 
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point  is  249. 3°C.  At  the  same  time  the  melting 
point  of  tin  at  this  pressure  is  practically  232°C, 
i.e.  the  temperature  tin  melts  under  normal 
atmospheric  pressure.  Thus,  at  40  atm  water 
can  indeed  melt  tin. 

A  lump  of  ice  can  burn.  Gustav  Tammann 
(1861-1938)  and  Percy  Williams  Bridgman  (1882- 
1961)  demonstrated  in  a  series  of  experiments 
that  the  structure  of  ice  is  changed  at  elevated 
pressures  and  it  turns  into  new  crystal  modifi¬ 
cations.  Tammann  discovered  three  isotopes  of  ice 
which  are  known  as  ice  II,  III  and  IV  (the  usual 
isotope  is  ice  I).  Bridgman  discovered  two  more 
modifications,  i.e.  ice  V  and  ice  VI.  At  20,000 
atm  ice  VI  remains  solid  even  at  +75°C.  At  even 
higher  pressures  ice  VI  can  exist  at  even  higher 
temperatures,  and  this  ice  would  be  able  to 
burn  somebody’s  hand. 

2.22.  The  inventor’s  calculations  were  wrong, 
since  a  100%  saving  in  fuel  would  mean  a  per¬ 
petual  motion  machine  would  be  possible. 

The  use  of  all  three  improvements  together 
does  ensure  more  savings  than  when  each  inven¬ 
tion  is  used  separately  but  they  still  will  be  less 
than  100%. 

To  simplify  the  calculation  we  assume  that 
before  the  inventions  are  used  the  setup  consumed 
100  kg  of  fuel  per  hour.  The  first  invention  reduces 
the  fuel  consumption  to  70  kg/h.  The  second 
invention  provides  a  further  25%  but  now  the 
base  figure  is  70  kg.  Thus,  putting  into  practice 
the  two  inventions  the  fuel  rate  will  be  52.5  kg/h. 
Finally,  the  third  invention  saves  a  further 
45%  and  lowers  the  consumption  to  28.9  kg/h. 
The  final  value  is  independent  of  the  sequence  of 
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calculations.  In  each  case  the  saving  will  total 
to  about  71.1  %. 

2.23.  The  paradox  is  resolved  by  the  first  law 
of  thermodynamics.  This  can  be  stated  as:  the 
amount  of  heat  transferred  to  a  system  equals 
the  increase  in  its  internal  energy  plus  the  work 
performed  by  the  system  against  external  forces: 

Q  =  AU  +  A. 

Since  the  initial  and  final  temperatures  of  both 
balls  are  equal,  the  changes  in  their  internal 
energies  are  the  same.  However,  thermal  expan¬ 
sion  raises  the  centre  of  gravity  of  the  first  ball 
and  lowers  that  of  the  second  ball.  Thus,  to  heat 
the  first  ball  needs  additional  energy  (heat)  for 
the  positive  work  against  gravity  (i.e.  to  increase 
the  potential  energy  of  the  ball).  The  centre  of 
gravity  of  the  second  ball  falls  and  the  work 
against  gravity  is  negative.  To  sum  up,  for  the 
same  rise  in  temperature  we  have  Qx  >Q2- 
Hence,  the  heat  capacity  of  matter  is  not  a  con¬ 
stant.  Depending  on  the  heating  conditions  it 
may  take  on  different  values  from  — oo  to  +oo! 
However,  for  solids  we  need  generally  know  only 
one  heat  capacity,  namely,  that  under  a  con¬ 
stant  pressure  which  is  cited  in  handbooks  of 
physical  constants.  For  gases  we  often  need  the 
heat  capacity  at  a  constant  volume,  too  (the 
ratio  between  these  two  heat  capacities  appears, 
for  example,  in  the  equation  for  expansion  in 
an  adiabatic  process  (see  the  solution  of  Prob¬ 
lem  2.10). 

This  first  person  to  draw  attention  to  the  fact 
that  both  solids  and  gases  possess  different  heat 
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capacities  was  the  French  physicist  Jean  Baptiste 
Biot  (1774-1862). 

2.24.  On  this  problem  the  German  astro¬ 
physicist  Robert  Emden  (1862-1940)  wrote  in 
1938  to  Nature :  An  amateur  would  answer  the 
question  why  we  heat  rooms  in  winter  thus:  to 
warm  the  rooms;  someone  who  is  good  at  thermo¬ 
dynamics  would  say:  to  supply  missing  energy. 
Such  being  the  case,  the  layman  will  be  right 
rather  than  the  scientist10!. 

In  fact  we  demonstrated  that  the  increase  in 
the  internal  energy  of  the  air  in  the  room  due  to 
the  rise  in  temperature  is  equal  to  the  energy 
loss  because  the  air  mass  falls.  Thus  all  the 
energy  supplied  to  the  air  in  the  room  by  heating 
it  escapes  through  the  cracks  in  the  walls.  We 
might  say,  we  heat  the  environment  rather  than 
cottage. 

Then  why  do  we  burn  firewood  in  a  stove?  The 
answer  is  that  although  we  do  not  care  what  the 
total  internal  energy  of  the  air  in  the  room  is, 
our  bodies  are  very  sensitive  to  the  temperature, 
which  is  a  function  of  the  energy  per  molecule. 

We  heat  a  chamber  for  the  same  reason  that 
life  on  Earth  is  only  possible  with  a  permanent 
inflow  of  solar  energy.  Again  it  is  not  because 
the  incident  energy  will  almost  all  be  reemitted, 
rather  like  someone  who  does  not  gain  weight 
even  though  he  continues  to  eat,  it  is  because  we 
need  physiologically  a  certain  temperature  in 
order  to  survive. 

2.25.  Together  with  the  law  of  energy  conser- 


10)  Cited  from  A.  Sommerfeld  Thermodynamik  und 
Statistik ,  Wiesbaden:  Dieterich,  1952. 
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vation,  there  is  another  thermodynamic  law.  It 
is  expressed  as  follows:  nature  is  so  arranged  that 
each  heat  engine  has  both  a  “heater”,  and  a  “cool¬ 
er”.  For  example,  in  a  steam  engine  the  heater 
is  the  furnace  and  the  cooler  is  the  atmosphere. 

The  ocean  can  indeed  be  considered  to  be  a 
giant  heater  but  for  it  to  be  the  heat  source  for 
an  engine  there  must  be  an  equivalently  large 
cooler  but  this  we  cannot  provide. 

Heat  engines  of  any  kind  need  a  temperature 
difference  to  operate.  This  is  required  by  the 
second  law  of  thermodynamics. 

This  law  is  of  prime  importance  in  maintain¬ 
ing  life.  To  illustrate  it,  Emden  wrote:  “in  the 
giant  factory  of  Nature  the  principle  of  entropy 
(the  second  law  of  thermodynamics)  is  like  the 
manager  who  determines  how  and  which  tran¬ 
sitions  can  be  handled.  The  law  of  energy  conser¬ 
vation  is  like  the  accountant  who  puts  into  balance 
debit  and  credit.”11) 

The  construction  of  a  machine  using  the  heat 
of  the  ocean  does  not  contradict  the  first  principle 
of  thermodynamics,  but  it  contradicts  the  second 
one.  Note  that  machines  which  are  based  on  the 
temperature  difference  between  surface  and  the 
depths  of  the  ocean  are  quite  realizable,  but 
their  efficiency,  which  is  calculated  by 


(see  the  next  problem)  turns  out  to  be  rather 
low,  the  smaller  the  difference  between  the  tem¬ 
peratures  of  the  heater  and  cooler  the  lower  the 


u>  Ibid. 
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efficiency.  If  the  temperature  at  the  depth  is  2°C 
and  the  temperature  at  the  surface  is  27°C,  then 
the  efficiency  is  8.3%.  The  temperature 
difference  could  easily  be  utilized  in  a  ther¬ 
moelectric  cell.  Possibly  in  the  future,  when 
their  cheaper  production  is  found,  the  powerful 
ocean-based  thermoelectric  stations  might  contrib¬ 
ute  to  the  energy  balance  of  our  planet. 

2.26.  The  ratio 

Tx-T2 

Ti 

is  the  fraction  of  burnt  fuel  energy  convertible 
into  work  by  a  heat  engine  when  there  are  no 
losses  of  useful  energy  (it  is  the  efficiency  of  an 
ideal  heat  engine).  The  ratio  indeed  increases 
in  winter.  However,  during  winter  the  oil  in 
the  motor,  gear-box,  the  differential,  and  bear¬ 
ings  becomes  so  thick  that  even  if  the  winter 
oils  which  have  lower  viscosity  are  used,  the 
friction  losses  are  larger  and  the  overall  efficiency 
of  the  car  is  lower  than  it  is  in  summer.  Besides, 
in  winter  we  spend  petrol  to  warm  up  a  cold 
engine  when  starting  it.  This  is  why  the  petrol 
consumption  in  winter  is  larger  than  it  is  in 
summer. 

2.27.  Maxwell’s  paradox  has  only  been  solved 
recently.  We  tacitly  assumed  that  the  device 
for  sorting  molecules  by  velocity  could  operate 
either  without  spending  energy  or  by  only  con¬ 
suming  it  in  small  amounts.  In  fact,  a  demon 
needs  energy  to  operate.  In  particular,  the  demon 
must  “see”  the  molecules,  i.e.  they  must  be  illu¬ 
minated,  which  needs  an  energy. 
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Exact  calculations  by  the  French  physicist 
Louis  Marcel  Brillouin  (1854-1948)  demonstrated 
that  even  when  there  were  no  losses,  say,  due 
to  friction,  velocity  after  being  sorted  by  the 
device  would  be  just  sufficient  to  allow  it  to 
operate  once  more.  Thus,  at  best  the  demon  could 
only  make  itself  go  while  to  use  the  whole  device 
as  an  engine  is  out  of  question. 

Ch.  3.  Electricity  and  Magnetism 

3.1.  Coulomb’s  law  describes  the  interaction  of 
pointlike  charges.  This  means  that  in  practice 
the  dimensions  of  the  charged  bodies  must  be 
much  smaller  than  the  distances  between  them. 
If  the  charged  bodies  are  not  too  far  from  each 
other,  it  is  unclear  how  to  measure  their  sepa¬ 
ration.  In  order  to  calculate  the  force  of  close 
bodies  they  must  be  divided  into  very  small 
(“pointlike”)  parts  and  the  resultant  of  all  the 
forces  acting  upon  all  the  points  of  the  first  body 
by  all  the  points  of  the  second  body  must  be  found. 
This  resultant  ensures  that  an  electric  force 
applied  to  the  first  body  is  dependent  on  its 
shape  and  charge  distribution  over  the  surface. 
Thus,  calculating  the  forces  of  interaction  is  a 
complicated  problem  which  can  sometimes  (but 
not  always)  be  solved  by  integral  calculus. 

Capacitor  plates  are  not  pointlike  bodies  and 
the  force  of  interaction  between  them  cannot  be 
calculated  from  the  formula 

F  —  QiQz 
4ji e0R2  ’ 

where  R  is  the  distance  between  the  plates. 
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It  is  also  necessary  to  note  that  the  field 
between  the  plates  of  a  parallel-plate  capacitor 
is  not,  actually,  uniform  and  the  deviations  from 
uniformity  are  larger  the  farther  apart  the 
capacitor  plates.  The  field  strength  and  the  force 
with  which  _  the  Djntes _  are  _  attracted  __  toergthejr _ 
are  inversely  proportional  to  the  distance  between 
the  plates.  When  the  plates  are  far  apart  the 
charges  on  them  can  be  taken  to  be  pointlike 
and  the  force  of  interaction  can  be  calculated 
according  to  Coulomb’s  law. 

To  conclude,  note  that  Coulomb’s  law  correctly 
describes  the  force  of  interaction  between  two 
spheres  which  have  the  charge  uniformly  dis¬ 
tributed  over  their  surfaces,  or  balls  whose 
charge  is  uniformly  distributed  over  their  volumes. 
The  parameter  in  the  Coulomb  equation  is 
then  the  distance  between  the  centres  of  the 
spheres  or  balls. 

3.2.  For  a  current  to  be  in  an  electric  circuit  it 
must  be  closed  and  there  must  exist  some 
force  to  set  the  current  carriers,  i.e.  electrons 
or  other  charged  particles,  in  ordered  motion. 
The  most  frequent  cause  is  the  presence  of  a 
potential  difference  between  two  points  in  the 
circuit12). 

The  absence  of  any  current  in  subcircuit  ^425 
suggests  that  the  potentials  of  A  and  B  are 
equal.  The  situation  is  not  changed  by  connect¬ 
ing  the  points  to  conductor  A2B ,  as  no  current 
will  flow  for  the  same  reason. 


12)  Other  forces  can  cause  the  charges  to  move.  This 
will  be  considered  in  more  detail  in  the  solution  of  Prob¬ 
lem  3.17. 
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The  second  case  is  different.  There  is  a  potential 
difference  between  C  and  D  equal  to  the  electro¬ 
motive  force  of  each  cell,  since  two  cells  con¬ 
nected  in  parallel  can  be  considered  to  be  one 
cell  with  electrodes  double  in  area.  However, 
until  a  conductor  C3D  is  connected  to  the  cell 
electrodes,  the  circuit  is  open  and  therefore 
no  current  can  flow  between  C  and  D.  We  might 
say  that  without  the  conductor  C3D  there  is 
only  the  internal  circuit  section,  i.e.  the  battery, 
while  the  external  section  is  missing. 

3.3.  This  sophism  is  mathematical  rather  than 
physical. 

^0  =  +  ^2* 

Therefore 

h  — ^ i  1 2  ~  0, 

but  it  is  well-known  cancelling  by  zero  is  pro¬ 
hibited.  In  the  algebra  involved  in  a  physical 
problem  we  cannot  therefore  ignore  mathematical 
rules. 

3.4.  The  accumulator  battery  is  marked  with 
the  maximum  current  permissible  under  stan¬ 
dard  operational  conditions.  By  overloading  it 
much  higher  currents  can  be  obtained;  however 
overloading  damages  the  cell  plates  and  the 
battery  may  be  put  out  of  operation.  Convention¬ 
al  lead  cells  are  especially  sensitive  to  overload¬ 
ing.  The  batteries  in  cars  are  specially  designed 
to  allow,  in  starting  the  engine,  to  draw  for  a 
short  time  currents  of  some  hundreds  of  amperes 
without  damaging  the  electrode  plates.  Alkaline 
cells  are  less  susceptible  to  overloading  since 
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they  have  a  substantial  internal  resistance  which 
effectively  limits  the  current. 

3.5.  The  current  through  the  galvanometer 
can  be  calculated  from  Ohm’s  law  for  a  complete 
circuit: 

r+R  ’ 


where  E  is  the  electromotive  force  of  the  thermo¬ 
couple,  r  its  resistance,  and  R  the  galvanometer’s 
resistance. 

After  connecting  a  shunt  with  resistance  /?, 
the  current  through  the  galvanometer  will  be 

T  1  E 
2  2  r  +  R/ 2  * 

Since  the  resistance  of  the  thermocouple  is 
substantially  lower  than  that  of  the  galvano¬ 
meter,  the  first  term  in  the  denominators  of 
both  fractions  can  be  neglected  and  we  then  get 


h 


1  E 

2  R/ 2 


A- 


Thus,  the  current  flowing  through  the  galvano¬ 
meter  and,  hence  its  reading  will  not  really  change. 

If  the  resistance  of  the  galvanometer  sub¬ 
stantially  exceeds  that  in  the  remaining  circuit, 
as  is  the  case  here,  then  the  galvanometer  oper¬ 
ates  as  a  voltmeter.  To  bring  down  its  reading 
a  resistance  is  to  be  connected  in  series.  This 
is  what  student  physicists  would  have  had  to  do. 

3.6.  Let  the  resistance  of  the  external  sub¬ 
circuit  be  i?,  the  electromotive  forces  of  the 
cells  be  Ex  and  E21  while  their  internal  resis- 
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tances,  ri  and  r2,  respectively.  Since  the  current 
in  the  first  case  is  higher  than  in  the  second,  i.e. 

Ei  s.  ^1  +  E2 

+  ri  R-\-  ri  +  r2  ’ 

the  situation  described  can  really  take  place  if 

Ei>E2*±l^. 

r  2 

3.7.  The  current  running  through  the  lamp 
during  the  measurement  of  its  resistance  is  too 
low  to  change  appreciably  the  temperature  of 
its  filament  and  we  can  assume  that  the  resis¬ 
tance  of  the  cold  filament  is  being  measured. 

The  resistance  obtained  by  calculation,  the 
power  in  the  formula  corresponds  to  a  current 
which  heats  the  filament  white  hot.  Yet  the 
filament’s  resistance  rises  with  temperature  ac¬ 
cording  to  the  law 

Rt  Ro  (1  + 

By  putting  into  this  expression  the  resistances 
of  the  cold  and  hot  filaments  as  well  as  the 
temperature  coefficient  of  resistance  for  tung¬ 
sten,  a  =  0.0046°C'1,  we  can  find  the  temper¬ 
ature  of  the  heated  filament,  i.e. 

*  484  Ohm  — 35  Ohm  OQnn  oP 

35  Ohm  X  0.0046°  C"1  ~  U  ’ 

i.e.  the  value  very  close  to  the  true  one. 

The  change  in  temperature  can  be  judged  from 
the  change  in  a  conductor’s  resistance  and  this 
fact  forms  the  basis  for  resistance  thermometers, 
i.e.  thermoresistors. 
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Note  that  the  electrical  conductivity  of  semi¬ 
conductors  is  especially  temperature  sensitive 
and  their  resistance  quickly  drops  with  an  in¬ 
crease  in  temperature.  Therefore,  the  most  sen¬ 
sitive  thermistors,  barretters,  which  can  sense 
the  heat  from  a  lighted  match  a  few  kilometres 
distant  are  made  of  semiconductor  materials. 
Resistance  is  more  weakly  dependent  on  tem¬ 
perature  in  metals  and  even  weaker  in  metal 
alloys.  The  resistance  of  constantan  composed 
of  copper,  nickel,  and  manganese  does  not  prac¬ 
tically  change  with  temperature  and  this  is 
essential  when  constructing  very  precise  elec¬ 
trical  devices. 

3.8.  The  potential  difference  across  a  subcir¬ 
cuit  is  only  equal  to  the  product  of  the  current 
flowing  in  the  subcircuit  and  its  resistance  when 
it  does  not  contain  a  current  source.  Otherwise 
the  potential  difference  must  be  calculated  from 
the  formula 

<Pa  —  <Pb  =  IR  —E,  (1) 

in  which  (pA  and  yB  are  the  potentials  of  the 
initial  and  final  points  of  the  subcircuit,  res¬ 
pectively,  R  is  its  resistance,  I  is  the  current 
flowing  through  it,  and  E  the  e.m.f.  present  in 
the  subcircuit.  To  use  this  formula  correctly 
the  current  I  must  be  taken  to  be  positive  when 
it  is  flowing  from  A  to  5,  and  negative  in  the 
opposite  case.  In  turn,  the  e.m.f.  E  must  be 
positive  if  it  forces  positive  charges  to  move 
from  A  to  5,  and  negative,  if  the  opposite  is 
true.  (In  other  words,  the  extra  e.m.f.  is  positive 
if  it  “assists”  the  current  to  flow  from  A  to  point 
B,  and  vice  versa.) 
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In  our  case  the  extra  e.m.f.  must  be  taken 
with  the  “plus”  sign,  since  the  right-hand  cell 
sends  current  in  the  same  direction  as  the  left- 
hand  one.  Thus  we  have 

<pA-<PB=IR-(  +  E)  =  ^rR-E  =  E-E  =  0. 


It  should  be  remembered  that  formula  (1) 
can  be  derived  from  Ohm’s  law  for  a  complete 
circuit  (see  Fig.  S.3.1): 


where  E  is  the  e.m.f.,  R  is  the  resistance  of  the 
external  section,  r  is  the  internal  resistance  of 
the  cell,  and  I  the  current  flowing  in  the  circuit. 


Fig.  S.3.1 


Let  us  rewrite  the  last  equation  as 
IR  =  E  —  Ir. 

In  this  expression  all  the  quantities  and  their 
products  are  positive.  Therefore,  on  the  basis 
of  Ohm’s  law  for  the  subcircuit  BRA ,  the  right- 
hand  side  of  the  equation  has  to  be  equated  to 
the  potential  difference  <pB  — <p4  (and  not 
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(pA  — 9^),  since  the  potential  at  B  is  higher 
than  that  at  A.  Thus,  we  have 

<Pb  —  <Pa  =  E  —  /r, 

whence 

9  a  —  9b  =  Ir  —E, 

which  is  Ohm’s  law  applied  to  the  ^4r5  subcircuit 
containing  the  e.m.f.  equal  to  E .  Note  that  the 
subcircuit  involving  an  e.m.f.  used  to  be  called 
irregular. 

3.9.  Indeed,  the  larger  the  resistance,  the  higher 
the  efficiency  of  electric  power  utilization.  It 
reaches  unity  when  the  load  resistance  is  infinite 
but  this,  of  course,  is  unrealizable  in  practice, 
although  it  can  be  approached. 

However,  making  the  load  resistance  too  large 
is  impracticable.  True,  the  voltage  across  the 
load  increases,  but  it  cannot  exceed  the  current 
source’s  e.m.f.,  while  at  the  limit  of  infinite  R 
the  current  decreases  and  tends  to  zero.  Thus, 
in  the  formula  for  the  power, 

P  =  I'U 

the  first  multiplier  will  tend  to  zero,  while  the 
second  does  not  exceed  a  certain  limit  (the 
e.m.f.).  It  can  thus  be  seen  that  the  power  con¬ 
sumed  by  the  external  section  from  the  source 
tends  to  zero. 

The  load  resistance  must  not  be  too  low  either, 
since  in  the  above  formula  for  power  the  first 
multiplier  cannot  be  higher  than  E/r  (this  is 
the  short-circuit  current,  when  the  load  resistance 
vanishes),  while  the  voltage  across  the  load 
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tends  to  zero  as  the  load  resistance  infinitely 
decreases. 

It  can  be  shown  that  the  maximum  power  is 
cojisjuneiL  by,  the,  external  suhoircjut  when_  its_ 
resistance  is  equal  to  that  of  current  source.  Let 
us  write  the  conventional  expression  for  this 
power 


where  notations  are  as  before. 

Let  us  multiply  both  the  numerator  and  denomi¬ 
nator  by  4 r,  then  we  get 


jy _  £L~^nr 

^  ~  4r  (R  +  r)2  * 

By  using  the  identity 

4  Rr  =  (R  +  r)2  —(R  —r)\ 

and  transforming  the  equation  we  get 


Whence  it  can  be  seen  that  P  —  0  at  R  =  0 
and  R  =  oo,  while  at  R  =  r  the  power  reaches 
a  maximum  (since  both  the  numerator  and 
denominator  of  the  fraction  in  the  brackets  are 
positive,  and  the  fraction  as  a  whole  is  minimum 
at  zero,  when  R  =  r). 

The  proof  is  even  simpler  using  a  numerical 
example. 

Suppose  we  have  a  current  source  with  an 
e.m.f.  of  4  V  and  an  internal  resistance  of  1  Ohm. 
Then  for  different  load  resistances  we  obtain 
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the  following  values  of  the  power  consumed  by 
the  load: 


Load  resistance,  Ohm  Consumed  power,  W 


0.7 

3.87 

0.8 

3.95 

0.9 

3.98 

1.0 

4.00 

1.1 

3.99 

1.2 

3.96 

1.3 

3.92 

In  relation  to  the  solution  of  this  problem  it 
is  useful  to  dwell  on  the  output  transformers  in 
valve  radios.  The  output  tubes  putting  in  oper¬ 
ation  a  loudspeaker  have  resistances  of  tens  and 
hundreds  of  kOhm.  Meanwhile  the  loudspeaker’s 
coil  has  a  resistance  of  only  5-10  Ohm  since 
high-resistance  coils  are  technically  difficult  to 
make.  Connecting  a  low-resistance  loudspeaker 
directly  to  the  anode  circuit  of  an  electronic  valve 
only  yields  a  low  acoustic  power.  A  matching 
output  transformer  with  a  high-resistance  pri¬ 
mary  coil  and  a  low-resistance  secondary  coil 
should  therefore  be  connected  between  the  valve 
and  the  loudspeaker.  Besides,  its  incorporation 
is  also  useful  because  in  this  case  the  sole  AC 
component  of  anode  current  will  pass  through 
the  loudspeaker. 

3.10.  Both  answers  are  correct  (cf.  the  solution 
of  Problem  1.17).  This  does  not  however  mean 
that  two  different  currents  run  through  the  same 
device  simultaneously.  It  turns  out  that  two  dis¬ 
similar  electric  circuits  can  be  assembled  such 


Solutions 


189 


that  each  satisfies  the  requirements  given  in  the 
problem. 

Given  the  two  currents  and  the  resistance  of 
the  series  resistor  we  can  find  two  voltages: 

U'res  =  0.5  A  x  40  Ohm  =  20  V  and 
U';e s  =  2.5  A  X  40  Ohm  =  100  V 

Analogously,  one  can  obtain  the  two  voltages 
across  the  device: 

-  1CI°  v  and 

05»-| 

and  so  two  resistances  of  the  device: 

r’  =  4rrr - 40  Ohm  =  200  Ohm  and 

0.5  A 

=  - 40  °hm  =  80  Ohm. 

The  problem  contains  no  data  by  which  we 
can  prefer  the  first  solution  to  the  second  one  or 
vice  versa.  True,  if  we  calculate  the  power  con¬ 
sumed  by  the  series  resistor,  then  in  both  cases 
we  get 

P'  =  (0.5  A)2  X  40  Ohm  =  10  W  and 
P"  =  (2.5  A)2  x  40  Ohm  =  250  W 

and  compare  it  with  the  power  of  the  device 
itself  (50  W),  then  the  second  solution  is  highly 
improbable,  however  we  cannot  be  fully  certain 
that  the  solution  is  totally  useless. 

Hence,  we  must  believe  both  solutions  are 
correct.  If  we  are  going  to  have  the  unique  solu- 
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tion  those  composing  problems  should  have  added 
extra  data,  for  example,  the  power  consumed  by 
the  series  resistor. 

3.11.  The  current  intensity  can  be  expressed 
via  the  amount  of  electricity  Q  passing  through 
a  cross  section  of  the  conductor  during  time  t , 
namely, 


From  this  relationship  we  can  see  that  in  the 
formula 

/  =  /+  +  /_  q  +  n  +  v+  +  q-n_v_ 

the  product  n_ v_  stands  for  the  number  of 
negative  ions  escaping  from  cathode  per  unit 
time.  As  a  result,  as  many  positive  ions  remain 
near  the  cathode  as  positive  ions  reach  its  sur¬ 
face.  Besides,  the  cathode  is  approached  by  n+v+ 
positive  ions  per  second.  Thus,  the  total  number 
of  the  positive  ions  neutralized  near  the  cathode 
is  governed  by  the  total  current.  A  similar  situa¬ 
tion  is  observed  near  the  anode  for  negative  ions. 

3.12.  The  statement  composed  in  italics  in 
the  problem  contains  no  errors.  Actually,  since 
the  current  in  all  the  baths  is  the  same,  then 
rc-fold  more  substance  must  be  deposited  in  the 
n  baths  than  in  one  bath.  However,  this 
does  not  imply  that  the  amount  of  substance 
deposited  in  the  second  installation  will  be  n 
times  larger  than  that  in  the  first  one  for  the 
same  period  of  time.  The  reason  is  that  if  the 
power  source  is  the  same  in  the  new  installation, 
then  the  current  intensity  must  drop  for  two 
reasons. 
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The  first  one  is  only  too  evident.  Connecting 
the  electrolytic  baths  in  series  increases  the 
length  of  the  ‘‘liquid  conductor”,  which  results 
in  an  increase  in  the  resistance  of  the  circuit, 
i.e.  a  decrease  in  the  current. 

The  second  reason  is  less  obvious.  The  passage 
of  a  current  through  an  electrolyte  induces  a 
number  of  physical  and  chemical  changes  at 
electrodes  due  to  which  the  electrolytic  bath 
starts  to  operate  as  a  galvanic  cell  with  e.m.f. 
opposed  to  the  applied  e.m.f.  This  phenomenon 
is  called  galvanic  polarization,  was  discovered 
in  1802  by  N.N.  Gautreau  (1753-1803).  Antoine 
Cesar  Becquerel  (1788-1878)13)  was  the  first  who 
described  it  in  1824.  It  was  studied  in  detail  in 
1842-1845  by  the  Russian  physicist  A.G.  Save¬ 
lyev  (1820-1860)  who  concluded  that  “polariza¬ 
tion  cells”  could  be  madel4).  The  total  polariza¬ 
tion  e.m.f.  increases  with  the  number  of  baths, 
which  also  decreases  the  current. 

Thus,  although  an  increase  in  the  number  of 
baths  should  increase  the  total  mass  of  sub¬ 
stance  deposited  on  the  electrodes,  in  fact  it  will 
at  best  remain  unchanged  (in  practice  the  total 
mass  always  decreases),  since  the  mass  of  sub¬ 
stance  deposited  in  each  bath  is  smaller  due  to 
the  fall  in  the  current. 

3,13.  The  very  attempt  to  discover  a  process 
that  contradicts  the  law  of  energy  conservation 


13)  A.C.  Becquerel  was  a  French  physicist  and  the 
grandfather  of  Antoine  Henry  Becquerel  (1852-1908) 
who  discovered  natural  radioactivity  in  1896. 

14)  This  prediction  was  implemented  in  1859  by  the 
inventor  of  acid  accumulator,  the  French  scientist  Gaston 
Plante  (1834-1889). 
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is  doomed  to  failure,  as  all  the  previous  ones 
were. 

When  charging  capacitor  Cl  the  energy  of  the 
electric  current  is  partly  expended  for  heating 
the  conductors  (Joule  heating)  and  partly  radiat¬ 
ed  into  surroundings  as  electromagnetic  waves. 
We  need  only  here  that  at  Cl  =  C2  the  energy 
“losses”,  independent  of  the  resistance  of  con¬ 
necting  conductors,  always  amount  to  50%. 
If  Cl  <C  C2,  there  is  practically  no  energy 
dissipation,  while  at  Cl  C2  it  reaches 
100%. 

3.14.  On  the  sides  of  the  glass  sheet  facing 
the  capacitor  plates  charges  are  accumulated 
due  to  dielectric  polarization.  These  charges 
have  signs  opposite  to  those  of  the  charges  on 
the  capacitor  plates.  When  the  glass  sheet  is 
removed  the  work  has  to  be  done  against  the 
forces  of  Coulomb  attraction  between  unlike 
charges.  This  work  increases  the  energy  of  the 
capacitor. 

3.15.  The  system  will  not  possess  magnetic 
properties,  since  its  complete  symmetry  implies 
that  each  point  in  the  reassembled  ball  and  the 
space  around  it  will  be  passed  through  by  equal 
numbers  of  magnetic  lines  of  force  of  opposite 
sense.  To  put  it  another  way,  the  “magnet”  will 
instantaneously  demagnetize  itself.  This  does 
not  mean  that  a  ball-shaped  magnet  is  impos¬ 
sible,  only  that  unlike  poles,  even  though  in 
unequal  numbers,  must  be  found  on  its  surface. 
For  example,  a  ball  can  be  magnetized  so  that 
there  will  be  two  north  poles  and  one  south  pole 
on  its  surface.  While  discussing  the  subject  of 
magnetizing  a  ball  (some  people  assume  it  to 
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be  impossible!),  recall  that  the  Earth  which  is 
a  ball  is  a  giant  magnet. 

In  conclusion  let  us  note  that  the  English 
physicist  Paul  Dirac  (1902-1984)  pointed  out  that 
Maxwell’s  equations  which  are  the  basis  of  electro¬ 
dynamics,  in  principle,  permit  the  existence  of 
isolated  magnetic  poles  (i.e.  particles  having 
one  pole,  either  south  or  north).  However,  attempts 
over  a  long  period  of  time  to  detect  “Dirac  mono¬ 
poles”  have  failed  and  most  contemporary  phys¬ 
icists  think  there  are  none. 

3.16.  As  the  magnet  and  the  piece  of  iron  are 
brought  together,  the  potential  energy  of  the 
permanent  magnet-iron  object  system  is  decreased 
by  the  amount  of  the  work  performed  against 
gravity.  To  restore  the  potential  energy  needs 
the  iron  to  be  removed  from  the  magnet.  It  is 
clear  that  to  do  this  requires  as  much  work  as 
was  performed  by  the  magnet  in  lifting  the  iron. 

Thus,  the  magnet  can  be  compared  to  a  spring 
that  lifts  a  weight:  to  do  work  the  spring  must 
first  be  stretched,  thus  spending  energy. 

3.17.  This  sophism  is  related  to  the  one  in 
Problem  3.8.  As  before,  the  absurd  conclusion  is 
due  to  the  incorrect  application  of  Ohm’s  law. 

The  potential  difference  across  a  subcircuit  is 
only  equal  to  the  product  of  the  resistance  of  the 
subcircuit  and  the  current  flowing  through  it 
when  the  subcircuit  has  no  e.m.f.  source.  Such 
subcircuits  are  called  uniform. 

In  this  case  each  section  of  the  ring  is  non- 
uniform,  since  the  induced  e.m.f.  is  uniformly 
distributed  around  the  perimeter  of  the  ring. 

According  to  Ohm’s  law  for  a  subcircuit 
involving  an  e.m.f.  (a  nonuniform  section)  we 
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can  write  an  equation  for  ARB  by  taking  a  point 
A  as  the  origin  of  the  subcircuit  and  B  as  its 
end,  i.e. 

*P  a  Vs  —  IR  EARB, 

where  E ARB  is  the  e.m.f.  induced  in  ARB . 

If  the  total  e.m.f.  present  in  the  ring  is  E , 
then  the  current  flowing  through  the  ring  is 

E 


I  = 


/?  +  r 


On  the  other  hand,  the  e.m.f.  concentrated  in 
a  ring  section  should  be  directly  proportional 
to  the  length  of  the  section  or,  if  the  conductor 
is  uniform,  to  its  resistance.  Thus  we  get 

Earb  —  E  • 

By  substituting  the  last  two  expressions  into  the 
first  we  find 


V4-—  <J>a  = 


n 


B  —  E 


R 


■  0 . 


The  same  conclusion  can  be  arrived  at  by 
applying  Ohm’s  law  to  section  BrA: 

=  —  E1BtA' 

The  current,  as  before,  is  equal  to 

I  —  — - — 

+  r  ’ 

while  from  the  above  considerations  for 
we  can  write 

Eeta  —  E 


JBr  A 


RAr 
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so  we  get 

<?s-<PA  =  1£F7r-E1^7  =  0. 

Thus,  a  current  can  also  flow  in  an  electric 
circuit  when  the  potential  difference  across  two 
arbitrary  points  of  the  circuit  is  zero.  This  is  not 
really  surprising  if  we  recall  the  definition  of 
electric  current,  i.e.  the  motion  of  charged  par¬ 
ticles  in  one  direction.  Yet  this  motion  need  not 
be  due  to  electrical  forces.  An  electric  current, 
for  example,  can  be  produced  by  a  flux  of  charged 
sand  particles  falling  through  Earth’s  gravita¬ 
tional  field  or  by  a  cloud  of  charged  smoke  par¬ 
ticles  being  driven  by  the  wind. 

Moreover,  an  electric  current  can  even  run 
from  a  high  potential  to  a  lower  one,  as  happens 
in  a  galvanic  cell  or  other  current  source. 

The  following  examples  illustrate  this. 

Water  moves  in  the  river  due  to  a  potential 
difference,  while  in  a  cup  of  tea  slowly  stirred 
by  a  spoon  water  moves  too,  even  though  there 
is  no  potential  difference.  When  pumped  from 
a  well,  water  particles  move  against  the  potential 
difference,  i.e.  the  force  of  gravity  of  water. 

3.18.  The  magnetic  flux  in  a  transformer  core 
is  not  only  produced  by  the  current  in  primary 
coil,  but  by  that  in  the  secondary  coil  too.  Accord¬ 
ing  to  Lenzs  law  the  directions  of  the  appropriate 
magnetic  fluxes  are  opposite  (shifted  in  phase 
by  almost  180°),  hence  in  the  ideal  case  the  resul¬ 
tant  magnetic  flux  in  the  core  must  vanish.  An 
increase  in  the  load  on  the  transformer  is  ac¬ 
companied  by  an  increase  in  the  primary  coil 
current  and  in  the  magnetic  flux  produced  by  it. 
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Simultaneously  the  secondary  coil  current  and 
the  “secondary”  magnetic  flux  increase.  The 
resultant  magnetic  flux  changes  within  these 
limits  and,  as  a  result,  the  AC  e.m.f.  induced  in 
the  secondary  coil  does  not  change. 

3.19.  The  absolute  value  of  the  voltage  across 
any  subcircuit  of  an  AC  circuit  varies  100  times 
per  second  from  zero  to  a  maximum  called  the 
peak  voltage.  A  moving-iron  voltmeter  con¬ 
nected  in  parallel  to  this  section  will  read  an 
intermediate  value  which  is  called  the  root- 
mean-square  (r.m.s.)  or  effective  voltage  and  is 
}/  2  =  1.41  times  lower  than  the  peak  value. 
If  the  moving-iron  voltmeter  reads  50  V,  then 
at  some  instant  of  time  the  voltage  is  50  x  1.41  V, 
i.e.  about  70  V,  when  the  DC  lamp  flashes.  There¬ 
fore,  the  experiments  do  not  involve  any  contra¬ 
diction. 

This  simple  and  easy  experiment  is  a  useful 
school  demonstration  as  it  assists  students  to 
understand  the  relationship  between  the  root- 
mean-square  and  peak  voltage  in  an  AC  circuit. 

3.20.  To  answer  the  question  we  must  know 
how  the  ammeters  of  each  system  are  designed. 

In  moving-coil  devices  a  frame  coil  through 
which  the  current  being  measured  is  passed  is 
placed  between  the  poles  of  a  permanent  magnet. 
The  displacement  of  the  frame  coil  is  directly 
proportional  to  the  current.  If  the  latter  rapidly 
changes,  the  pointer  will  indicate  the  average 
value  of  the  current  flowing  through  the  device. 

In  electrodynamic  devices  the  current  being 
measured  passes  through  an  immobile  coil  and 
then  through  a  moving  coil  placed  inside  the 
first  one.  Thus,  the  pointer  moves  proportionally 
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to  the  currents  passing  in  both  coils,  i.e.  to  the 
square  of  the  current  since  in  both  coils  it  is 
the  same.  In  this  case  if  the  current  changes 
quickly  the  pointer  moves  in  proportion  to  the 
mean  square  of  the  measured  current. 

Therefore,  if  both  ammeters  read  the  same  value 
in  a  DC  circuit,  then  their  readings  will  differ 
in  an  AC  circuit.  It  can  be  proved  using  higher 
mathematics  that  these  readings  will  differ  by 

jt/2. 

In  fact,  the  mean  value  of  a  pulsed  current 
can  be  calculated  as 

T/2 

f  I0s[n<i)tdt 

/ 1\  0 _ =  2/0  2 /p  To 

'  '  T  co  71  2jx  it  ’ 


where  1 0  is  the  peak  value  of  the  pulsed  current, 
co  is  the  angular  (cyclic)  frequency  of  industrial 
AC,  and  T  is  the  oscillation  period.  This  expres¬ 
sion  shows  that  the  readings  of  a  moving-coil 
ammeter  in  an  AC  circuit  with  a  peak  AC  value 
of  I0  amperes  will  be  n  times  smaller  than  if  the 
ammeter  were  connected  to  a  DC  circuit  with 
a  current  of  J0  amperes  passing  through  it. 

Analogously,  the  mean  square  of  a  pulsed 
current  with  the  same  peak  value  is 


T/2 

J  II  sin2  iat  dt 


</2>=- 


II 

4  ’ 


In  both  cases  the  upper  integration  limit  is 
77 2,  since  the  current  only  passes  through  an 
ammeter  for  half  a  period. 
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This  expression  shows  that  the  pointer  of  the 
electrodynamic  device  will  indicate  a  value  which 
is  smaller  by  a  factor  of 


n 

(P) 


4 


than  the  indicated  value  the  ammeter  would  have 
if  it  were  connected  to  a  DC  circuit  with  a  current 
of  /0  amperes  passing  through  it.  However, 
because  the  ammeter  scale  is  quadratic  (i.e.  the 
pointer  deflection  is  proportional  to  the  square 
of  the  current),  the  reading  is  only  a  factor  of 
]/  4  2  smaller  than  it  would  be  in  a  DC  circuit. 

Thus,  the  readings  of  a  moving-coil  and  an 
electrodynamic  ammeters  which  detect  the  same 
current  intensity  in  a  DC  circuit  will  differ 


~Y=  1-57  times. 


But  which  ammeter  reading  is  true,  which 
ammeter  is  trustworthy?  Obviously  the  answer 
will  depend  on  the  application  of  the  ammeter 
and  the  circuit  it  is  connected  to. 

For  example,  if  it  is  necessary  to  control  the 
current  passing  through  an  electroplating  bath, 
with  the  unsmoothed  current  from  a  rectifier, 
then  the  ammeter  should  be  a  moving-coil 
device,  since  the  mass  of  the  substance  deposited 
during  the  electrolysis,  like  the  reading  of  the 
ammeter,  depends  on  the  mean  value  of  the 
current  passing  through  the  bath  (since  it  is  the 
first  power  of  the  current  intensity  in  Faraday’s 
laws). 
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If  one  is  interested  in  the  thermal  effect  of 
a  pulsed  current,  the  circuit  should  incorporate 
an  electrodynamic  ammeter,  since  both  its  read¬ 
ings  and  the  amount  of  the  heat  released  by  a 
current  passing  through  a  wire  depend  on  the 
mean  square  current  (the  Joule-Lenz  law 
involves  the  square  of  the  current). 

3.21.  As  a  component,  the  loop  BfAlCA2Bt 
is  part  of  complicated  circuit,  in  which  the 
cathode  filament  C  is  heated  by  current  If  and 
an  anode  current  /a  passes  from  battery  Ba.  We 
can  see  that  the  fraction  of  /a  passes  through 
ammeter  A1  in  the  same  direction  as  /*,  while 
in  ammeter  A2  the  anode  current  opposes  Ij. 

If  both  ammeters  pass  the  same  fractions  of 
the  anode  current,  then 

I\  —  It  +  0.5/a  and  /2  =  /f  —  0.5/a, 

whence  it  can  be  seen  that  Ix  72. 

3.22.  The  cathode  filament’s  temperature  is 
controlled  both  by  the  heat  released  by  the  current 
flowing  through  it  and  by  the  way  it  is  cooled. 

While  the  switch  is  off,  the  filament  is  sur¬ 
rounded  by  a  space  charge  cloud  and  the  number 
of  electrons  emitted  from  the  metal  to  vacuum 
is  equal  to  the  number  of  electrons  returning 
from  vacuum  to  the  filament.  When  the  switch 
is  on,  all  the  electrons  (only  a  fraction  at  a  low 
anode  voltage)  are  “sucked  out”  from  the  filament 
by  the  “cathode-anode”  field.  There  remains  only 
a  unidirectional  flux  of  electrons  from  the  metal 
to  the  vacuum  and  the  loss  of  heat  by  the  filament 
via  the  heat  capacity  of  its  terminals  and  via 
radiation  is  added  by  the  loss  of  the  energy 
carried  away  by  fast  electrons  and  partly  expended 
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in  their  detachment  from  metal.  It  is  this 
effect,  which  leads  to  the  temperature  drop 
after  closing  the  switch. 

3.23.  Three  coils  in  parallel  wound  onto  a 
single  coil  can  be  considered  to  be  a  coil  wound 
by  a  wire  with  a  cross  section  three  times  thicker 
than  a  single  coil.  When  plugged  into  DC  mains, 
this  system  will  pass  three  times  the  current, 
since  the  resistance  of  the  coils  in  parallel  will 
be  a  third  of  a  single  coil.  Hence  in  the  case  of 
a  DC  source  the  magnetic  field  would  be  trebled, 
but  not  if  connected  to  an  AC  source. 

The  impedance  of  a  coil  plugged  into  an  AC 
mains  is  much  higher  than  its  resistance  in  a 
DC  circuit.  For  example,  the  DC  resistance  of 
a  coil  in  a  knock-down  school  transformer  is  about 
3.3  Ohm,  but  when  plugged  into  the  50  Hz  AC 
mains  the  current  passing  through  it  corresponds 
to  a  resistance  of  20  Ohm. 

The  AC  impedance  of  a  coil  (the  sum  of  its 
resistance  and  reactance)  depends  both  on  the 
resistance  calculated  by 

and  on  the  number  of  turns  in  the  coil,  its  size, 
and  the  AC  frequency.  If  the  number  of  turns 
in  the  coil  is  large,  then  even  for  low  resistances 
(the  coil  is  made  using  very  thick  copper  wire) 
its  impedance  can  be  quite  high. 

By  connecting  two  more  coils  in  parallel,  the 
technical  assistant  had  in  fact  slightly  reduced 
the  resistance,  while  the  system’s  inductance 
did  not  practically  change,  since  the  number  of 
turns  and  the  coil  shape  have  been  left  as  before. 
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The  small  change  in  the  resistance  has  almost 
no  effect  on  the  impedance.  Therefore  the  current 
consumed  by  the  mains  and  the  magnetic  field 
inside  the  coils  do  not  substantially  change 
either. 

The  extra  coils  are  useful  because  only  a  third 
of  the  current  flows  through  each  coil,  thus  di¬ 
minishing  the  heating  of  each  coil. 

3.24.  The  fuse  blew  in  the  group  fuse  box  in 
phase  3  to  our  apartment. 

Then  why  did  the  control  lamp  light? 

The  answer  is  that  when  the  power  was  cut, 
the  switches  and  all  the  lamps  inside  the  apart¬ 
ment  were  left  on  (so  that  this  error  would  not 
be  striking,  the  switches  in  Fig.  1.31  are  shown 
in  the  “off”  position).  Therefore,  a  control  lamp 
connected  between  A  and  B  received  a  voltage 
from  phase  2  and  the  neutral  wire,  with  which 
the  lamp  was  connected  via  the  apartment  wiring. 

A  more  attentive  and  experienced  observer 
would,  of  course,  have  noticed  that  using  the 
checking  technique  and  a  blown  fuse  in  phase  3 , 
when  the  control  lamp  is  connected  between  A 
and  B  or  A  and  C,  it  will  light  dimly  since  the 
lamps  in  parallel  inside  apartment  No.  19  will 
provide  some  resistance.  Had  the  fuse  been  whole 
the  lamps  would  have  been  too  bright  since  then 
the  control  lamp  would  receive  a  voltage  1.73 
times  larger  than  the  standard  one,  i.e.  380  V 
instead  of  220  V. 

3.25.  In  big  buildings  the  AC  power  is  sup¬ 
plied  using  the  four- wire  system.  Therefore  we 
can  assume  that  the  power  was  supplied  to  lecture- 
halls  Nos.  1  and  2  as  shown  in  Fig.  S.3.2. 

The  circuit  shows  that,  if  fuse  A  in  the  “neutral 
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wire”  has  blown,  lamps  LI  and  L2  in  the  first 
lecture-hall  will  not  light,  unless  another  device, 
for  example,  an  electric  heater,  in  the  second 
lecture-hall  is  switched  on.  Then  the  heater 
and  the  lamps  will  receive  the  voltage  from 
phases  Phl  and  Ph2  via  operating  fuses  B  and  C. 


It  is  also  understandable  why  the  heater  did 
not  heat  up  fully,  while  lamps  were  heated 
above  normal.  For  example,  if  the  voltage  be¬ 
tween  the  Uneutral  wire”  and  one  phase  is  127  V, 
then  the  voltage  between  phases  Phx  and  Ph2 
will  be  ]/  3  times  higher,  i.e.  220  V.  According 
to  Ohm’s  law,  this  voltage  is  distributed  between 
the  first  and  second  lecture-halls  in  proportion 
to  the  resistances  of  the  devices  switched  on 
inside.  The  heater  has  a  comparatively  low 
resistance,  while  the  seemingly  low-power  lamps 
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LI  and  L2,  even  though  in  parallel,  have  a 
sizeable  resistance.  As  a  result,  the  heater  volt¬ 
age  will  be  low,  while  the  lamps  will  have 
larger  than  normal  voltage. 

3.26.  When  plugged  into  the  AC  mains,  a 
moving-iron  voltmeter  indicates  the  effective 
voltage.  However,  as  was  stated  in  the  solution 
of  Problem  3.19,  the  maximum  of  a  sinusoidal 
voltage  is  J/  2  ^  1.41  times  the  r.m.s.  voltage. 
A  capacitor  in  parallel  with  the  voltmeter  will 
be  charged  by  a  potential  difference  of  125  V  X 
1.41  —  175  V  It  is  this  value  that  the  voltmeter 
reads.  The  rectifier  in  effect  prevents  the  capacitor 
from  discharging  when  the  current  reverses  its 
direction. 

This  phenomenon  is  well  known  to  electronics 
enthusiasts  who  are  aware  of  the  fact  that  the 
voltage  is  raised  by  the  introduction  of  a  filter 
consisting  of  a  choke  and  a  capacitor  into  a 
rectifier. 

The  sophism  could  have  been  formulated  as 
an  experimental  problem.  It  is  essential  therefore 
to  take  a  capacitor  with  a  high  capacitance 
(some  juiE)  and  a  voltmeter  with  a  high  resistance. 
If  the  resistance  and  capacitance  are  low,  the 
system  will  have,  as  the  professionals  say,  a 
small  time  constant,  i.e.  the  capacitor  will 
discharge  quickly  through  the  voltmeter  result¬ 
ing  in  a  potential  difference  lower  than  175  V 
across  them.  In  very  unfavourable  cases  the  volt¬ 
meter  reading  may  even  be  less  than  the  effective 
voltage  in  the  mains,  i.e. 


E0  _  Eeff  V  2  __  125  V  x  V  2 
2  2 


88  V, 


2 
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where  E0  is  the  peak  voltage  value  in  the  AC 
mains  (cf.  the  solution  to  Problem  3,20). 

3.27.  Notwithstanding  the  naivety  of  the 
sophism,  we  believe  it  is  useful  so  as  to  stress 
the  need  to  perform  the  same  operations  on  unit 
dimensions,  as  on  the  numbers  to  which  they 
relate. 

3.28.  The  current  and  voltage  in  a  device 
plugged  into  an  AC  mains  can  be  varied  so  that 
their  maxima  and  minima  will  be  reached  simul¬ 
taneously.  We  then  say  that  the  current  and 
voltage  are  in  phase.  This  occurs  if  the  device 
only  possesses  resistance.  The  power  consumed 
by  the  device  can  be  calculated  from  the  formula 


(i) 


P  =  IU. 


where  /  and  U  are  the  effective  current  and 
'v\J/rage,  -nsspetfcivdiy. 

Examples  of  devices  with  resistance  only  are 
incandescent  lamps  and  electric  heaters. 

However,  if  a  coil  or  capacitor  are  plugged 
into  an  AC  mains,  the  maxima  and  minima  of 
the  current  and  voltage  will  occur  at  different 
times.  In  this  case  the  current  and  voltage  are 
said  to  be  out  of  phase  and  the  formula  for  the 
power  has  a  third  multiplier  k  called  the  power 
factor: 


P  =  klU. 


(2) 


The  power  factor  k  is  represented  as  cos  <p,  where 
cp  is  the  phase  shift  angle  between  the  current 
and  voltage. 

The  windings  of  an  electric  motor  have  both 
resistance  and  reactance  (which  together  make 
up  its  impedance).  As  a  result  the  voltage  and 
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current  are  out  of  phase  after  passing  through 
the  windings  of  the  motor.  The  phase  shift  cosine 
for  the  normal  operation  is 


900  W 
220  V  X  5A 


0.82. 


The  value  of  cos  <p  corresponding  to  optimal 
operation  is  indicated  in  the  motor’s  specifi¬ 
cation. 

3.29.  First  note  that  the  design  does  not  con¬ 
tradict  the  law  of  the  conservation  of  energy, 
since  the  capacitor  would  be  charged  using  the 
thermal  energy  of  the  electrons.  However,  the 
device  shown  in  Fig.  1.33  would  contradict,  if 
operated,  the  second  law  of  thermodynamics 
(cf.  Problem  2.25),  since  the  process  requires 
the  spontaneous  initiation  of  “condensations” 
and  “rarefactions”  of  the  electronic  cloud.  This 
is  as  impossible  as  the  spontaneous  separation 
of  electrons  or  molecules  into  fast  and  slow  ones 
(the  latter  corresponding  to  the  spontaneous 
initiation  of  a  temperature  difference). 

Nevertheless,  the  second  law  of  thermody¬ 
namics,  as  opposite  to  the  first  law,  is  not  absolute 
in  that  it  does  not  fully  forbids  the  spontaneous 
separation  of  molecules  into  fast  and  slow  species 
or  the  initiation  of  density  fluctuations  (local 
condensations  and  rarefactions).  It  only  states 
that  the  events  have  low  probabilities  arid  that 
this  is  lower  the  larger  the  fluctuation  desired. 

Due  to  the  random  nature  of  the  motion  of 
electrons,  a  potential  difference  may  really  arise 
across  the  ends  of  a  conductor.  However,  as  has 
been  noted,  the  appearance  of  a  substantial 
voltage  has  a  low  probability,  while  at  low 
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voltages  the  capacitor  will  be  discharged  through 
the  detector,  since  at  low  voltages  the  current- 
voltage  characteristics  of  all  detectors  are  linear 
(cf.  Fig.  S.3.3)  and  there  is  no  rectification  effect. 


The  nonlinearity  of  rectification  explains  why 
it  only  occurs  at  rather  high  voltages,  the  prob¬ 
ability  that  it  will  initiate  due  to  density 
fluctuations  in  electron  distribution  is  practi¬ 
cally  nil. 

The  proposed  method  of  charging  is  as  impos¬ 
sible  as  a  situation  (in  principle  possible)  in 
which  the  chaotic  motion  of  the  air  molecules 
in  a  sealed  can  can  lift  it  above  the  Earth’s  sur¬ 
face.  It  has  been  calculated  that  can  will  jump 
spontaneously  due  to  fluctuations  in  the  motion 
of  molecules  about  once  every  billion  billion 
years. 

Ariel,  the  hero  in  the  scientific  fiction  novel 
by  A.R.  Belyaev,  could  govern  the  way  the 
molecules  in  his  body  moved  by  transforming  the 
motion  from  chaotic  to  directed.  This  permitted 
him  to  fly  in  any  direction.  Unfortunately,  the 


Solutions 


207 


effect  may  only  occur  in  a  scientific  fiction  novel, 
since  it  contradicts  the  second  law  of  thermo¬ 
dynamics. 

To  be  more  exact,  Ariel’s  flying  not  only 
violates  the  second  law  of  thermodynamics,  it 
also  defies  the  law  governing  the  motion  of  the 
system’s  centre  of  mass.  In  fact,  internal  forces 
cannot  change  both  the  value  and  direction  of 
a  centre  of  mass’s  velocity,  since  in  the  Earth’s 
gravitational  field  it  can  only  move  (without 
intervention  from  without)  with  an  acceleration 
g  directed  downward. 

3.30.  The  discharge  of  a  Leyden  jar  is  oscil¬ 
latory  since  the  helix  wound  around  the  spoke 
and  the  jar  together  form  an  oscillatory  circuit. 
Since  the  wire  is  resistive  and  the  energy  is 
released  into  the  environment  as  electromagnet¬ 
ic  waves,  the  oscillations  gradually  damp.  The 
spoke  maintains  the  magnetic  field  direction 
corresponding  to  the  last  oscillation  swing  that 
was  strong  enough  to  break  down  the  spark  gap 
through  which  the  Leyden  jar  was  discharged. 


Ch.  4.  Optics  and  Atomic  Structure 

4.1.  However  tempting  Flammarion’s  technique 
for  looking  in  the  past  of  our  planet,  we  have 
to  accept  that  it  will  never  be  implemented.  The 
special  theory  of  relativity  states  that  no  material 
body  can  move  relative  to  another  one  faster 
than  the  velocity  of  light  in  a  vacuum,  i.e.  about 
300,000  km/s. 

Moreover,  even  this  velocity  is  beyond  reach 
for  bodies  with  nonzero  rest  masses  (e.g.  electrons, 
protons,  neutrons,  atoms,  molecules,  as  well 
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as  pieces  of  metals,  stones,  etc).  It  turns  out 
that  as  its  velocity  increases  the  mass  of  an 
accelerated  body  increases,  i.e. 


where  m0  is  the  mass  of  the  body  at  rest  (its 
rest  mass),  v  is  the  velocity  to  which  the  body 
is  accelerated,  m  is  its  mass  at  this  velocity, 
and  c  is  the  velocity  of  light  in  a  vacuum.  This 
relation  shows  that  as  v  approaches  c,  the  body’s 
mass  tends  to  infinity.  Thus  acceleration  becomes 
more  and  more  difficult  and  absolutely  impossible 
at  velocities  close  to  c .  The  dependence  of  mass 
on  velocity  is  well  known  to  physicists  who 
study  the  properties  of  high  energy  particles. 
For  example,  protons  accelerated  in  the  Soviet 
synchrophasotron  accelerator  at  the  Joint  Insti¬ 
tute  for  Nuclear  Research  in  Dubna  have  masses 
over  100  times  larger  than  their  rest  mass. 

Nevertheless,  there  are  particles  which  move 
at  the  velocity  of  light,  for  example,  the  quanta 
of  electromagnetic  radiation  or  photons.  Yet 
their  rest  mass  is  zero.  This  means  that  photons 
cannot  be  stopped.  They  are  doomed  to  be  per¬ 
manently  in  motion.  Any  attempt  to  stop  a 
photon  results  in  its  destruction.  It  is  of  interest 
that  the  velocity  of  a  photon  in  a  vacuum 
is  300,000  km/s  in  any  coordinate  system  in¬ 
dependent  of  the  relative  motion  of  the  observer 
and  the  photon’s  source,  i.e.  the  source  of  light. 
The  uncommon  kinematic  (and  dynamic)  prop- 
« v#  i es^  *\f , lyhoi cviv^ *  h?Jt v t key. 
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ine”  D^rticles. , they,  should  really,  be  called  auasi- 
particles. 

4.2.  Heat  is  mainly  transferred  from  an  incan¬ 
descent  metal  to  a  man  by  radiation.  Most  of  the 
radiated  energy  from  a  heated  metal’s  surface 
is  in  the  infrared  rays  which,  like  electromagnetic 
waves  in  general  are  reflected  by  metals.  This 
is  why  the  clothes  of  foundry  workers  is  metal¬ 
lised. 

4.3.  As  can  be  seen  from  Fig.  S.4.1,  the  man 
can  see  the  same  part  of  his  body,  i.e.  no  lower 


Fig.  S.4.1 


than  a  distance  H  above  the  floor,  irrespective 
of  the  distance  between  the  man  and  the  wall  on 
which  the  mirror  is  hanging. 

4.4.  This  property  will,  for  example,  be 
possessed  bv,  a  system  of  three  flat  mirrors.  at. 
right  angles  to  each  other  (like  three  faces  of 
a  cube  with  a  common  vertex).  First,  let  us 
consider  the  two-dimensional  case  in  Fig.  S.4.2, 

l/2  14-01216 
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The  vector  of  the  velocity  of  light  cL  can  be 
decomposed  into  two  components  \x  and  v2 
normal  and  tangential,  respectively  to  the  first 
mirror’s  surface.  When  reflected  by  the  first 
mirror  the  v2  component  does  not  change,  while 
the  normal  component  changes  in  sign  to  y\. 


Since  the  mirrors  are  mutually  at  right  angles, 
the  v2  component  which  is  tangential  to  the 
first  mirror,  is  normal  to  the  second  one  and 
therefore  when  reflected  by  the  second  mirror  it 
too  changes  in  sign.  By  contrast,  v'  retains 
its  direction.  Thus,  after  two  reflections  both 
components  of  the  vector  cx  had  changed  in  sign, 
therefore  the  vector  Cj  is  rotated  by  180°  while 
being  shifted  somewhat  in  the  direction  per¬ 
pendicular  to  itself. 
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In  three  dimensions  the  vector  c  is  decomposed 
into  three  components  vl7  v2,  and  v3,  which  are 
normal  to  the  first,  second,  and  third  mirrors, 
respectively.  Then  when  reflected  from  each 
mirror  only  one  component  reverses  its  direction 
at  a  time,  so  after  the  third  reflection  all  the  three 
components  change  their  sign  and  the  velocity 
vector  is  rotated  to  face  the  opposite  direction. 

Triangular  prisms  made  by  cutting  a  glass 
cube  in  half  with  a  plane  passing  through  the 
ends  of  three  edges  originating  from  a  single 
vertex  have  similar  properties.  Here  the  role  of 
mirrors  is  played  by  the  side  faces. 

Both  devices  are  called  corner  reflectors.  French 
corner  reflectors  were  installed  on  Soviet  moon 
rovers.  The  time  it  took  light  from  an  Earth- 
based  laser  to  travel  to  the  reflector  and  back 
was  used  to  measure  the  distance  between  the 
Earth  and  the  Moon  with  very  great  accuracy. 

Corner  reflectors  lind  some  more  mundane 
applications.  For  example,  the  triangular  road 
signs  with  red  glass  placed  near  corners  are 
made  by  die-stamping  triangular  pyramidal 
projections  on  the  backs  of  the  signs  to  form 
arrays  of  corner  reflectors.  When  a  passing  car’s 
headlights  illuminate  the  sign  in  the  dark,  the 
reflectors  flash  attracting  the  driver’s  attention 
and  warning  him.  Cyclists  must  be  interested  to 
know  that  the  rear  reflector  in  the  metal  casing 
on  rear  wheel  splash  guard  is  a  corner  reflector 
system. 

To  sum  up,  note  that  a  corner  reflector  can  be 
made  of  three  flat  mirrors.  Experimenting  with 
them  affords  much  pleasure,  it  is  of  interest  to 
observe  that,  independent  of  our  position,  we 
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always  see  our  reflected  image  (but  only  “upside 
down”). 

4.5.  Wo  assumed  that  rain  drops  are  spherical 
in  shape.  In  fact,  if  only  molecular  forces  were 
involved  droplet  might  be  spherical.  In  this 
case  the  energy  of  surface  tension  is  at  a  minimum 
(see  the  solution  of  Problem  2.15):  among  all 
the  bodies  of  the  same  volume  a  ball  possesses 
the  least  possible  volume.  Therefore,  a  droplet 
in  a  vacuum  would  be  spherical.  However,  air 
drag  distorts  the  sphericity  and  the  droplet 
becomes  stream-lined  like  a  pear.  The  reflection 
conditions  in  the  different  points  of  the  droplets 
cease  to  be  identical.  There  may  occur  total 
reflection  at  one  point  and  emission  of  rays  at 
another. 

It  must  be  noted  that  total  reflection  never 
occurs.  In  any  case,  a  fraction  of  radiation  energy 
is  “leaked”  from  the  droplet  into  air. 

4.6.  Let  us  remove  the  collecting  lens  and 
place  instead  a  diverging  one.  The  ray’s  trajecto¬ 
ry  can  then  be  displayed  as  shown  in  Fig.  S.4.3. 
This  figure  demonstrates  that  within  a  zone 
limited  by  the  circles  A ' B'  and  CM  the  screen 
is  illumined  both  by  the  rays  scattered  by  the 
lens  and  those  passing  by  the  lens  and  therefore 
the  illumination  in  the  zone  is  higher  than  it 
would  be  without  the  lens. 

This  phenomenon  can  be  observed  in  practice 
by  placing  glasses  for  the  short-sighted  on  a  sheet 
of  paper  in  the  sun  light.  A  bright  circle  sur¬ 
rounded  by  a  brighter  fringe  can  be  clearly  seen 
and  then  the  paper  illumined  by  the  sun.  The 
illumination  within  the  fringes  will  be  at  a 
maximum. 
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4.7.  If  a  lens  is  placed  in  a  medium  whose  re¬ 
fraction  index  exceeds  that  of  the  material 
making  up  the  lens,  then  roles  of  the  lens  and 


Fig.  S.4.3 


the  medium  will  be  exchanged.  A  biconvex  lens 
will  scatter  rays  (as  does  an  air  bubble  in  water), 
while  a  biconcave  lens  will  collect  them.  This  can 
be  supported  by  a  simple  drawing  (see  Fig.  S.4.4). 


It  can  be  seen  that  when  entering  and  leaving 
a  lens  (only  a  part  of  the  lens  is  shown)  a  ray  of 
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light  is  refracted  towards  the  principal  optical 
axis,  parallel  to  which  it  was  propagating. 

4.8.  The  negatives  of  both  photographs  will  be 
equal  in  density  if  the  exposure  is  left  unchanged. 
The  exposure  is  the  quantity  characterizing  the 
amount  of  light  energy  a  photosensitive  material 
receives  during  photography.  The  exposure  is 
denoted  by  H  and  expressed  via  the  product 


H  =  Et , 


(i) 


where  E  is  the  illumination  intensity  on  the 
film,  and  t  is  the  exposure  time. 

The  illumination  intensity  of  an  image  is 
directly  proportional  to  the  light  flux  O  passing 
through  the  objective  lens  from  the  object  and 
inversely  proportional  to  the  image’s  area  Sx: 


If  the  object  (for  example,  a  button  on  some¬ 
one’s  jacket)  reflects  light  uniformly  in  all  direc¬ 
tions,  then  the  light  flux  passing  through  the 
objective  lens  is  directly  proportional  to  the 
solid  angle  subtended  by  the  object  at  which 
the  objective  lens  is  seen: 


O  ~  0. 


(3) 


By  assuming  the  area  of  objective  lens  is  S0, 
and  the  object  to  be  a  distance  a2  from  the  camera 
we  get  (Fig.  S.4.5a)  for  the  solid  angle 


(4) 
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By  combining  the  three  latter  relations  we 
have 


E 


So 

S  ’ 


(5) 


However,  the  areas  of  the  object,  S2 ,  and  of 
its  image,  Sx,  are  related  thus 


(6) 


where  ax  is  the  distance  from  the  objective  lens 
to  the  photographic  film  (see  Fig.  S.4.5b). 


Fig.  S.4.5 

By  substituting  the  value  of  a\  from  (6)  into 
(5)  we  arrive  at 

P  *^0^1  __  ^0  (1\ 

S  iS2a]  "  S2a\  ’  K  ) 

Since  S0  and  S 2  are  both  constant, 

E~±  (8) 

Both  the  first  and  the  last  equations  can  be 
combined  to  yield 

t  ~  a2r 


(9) 
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However  it  follows  from  the  lens  formula,  that 
the  farther  the  object  (i.e.  the  greater  a2),  the 
shorter  the  distance  ax  must  be  from  the  camera's 
objective  lens  to  the  film. 

Hence,  the  farther  an  object  is  the  smaller  the 
exposure  must  be  and  vice  versa. 

This  is  only  true  of  a  studio  camera  which  has 
a  large  focal  distance.  For  small  cameras  the 
situation  is  different.  As  a  rule,  the  distance 
from  the  camera  to  the  objects  is  many  times 
longer,  than  its  focal  distances.  Therefore  in 
all  cases  ax  practically  coincides  with  the  focal 
length  (generally,  50  mm)  and,  hence,  by  relation 
(9),  t  turns  out  to  be  constant. 

4.9.  If  the  front  (facing  the  object)  surface  of 
the  cornea  is  flat,  the  focal  length  of  the  eye 
is  the  same  in  both  air  and  water.  As  a  result 
rays  coming  from  distant  objects  (i.e.  parallel 
rays)  are  not  refracted  by  the  cornea.  Thus,  eye 
can  see  distant  objects  equally  well  in  air  and 
water. 

4.10.  I  n  each  period  of  time  each  frame  has 
the  image  of  separate  phases  in  the  motion  of 
the  body.  The  human  eye  is  such  that  if  one 
frame  is  quickly  changed  to  another  the  sepa¬ 
rate  motion  phases  merge  to  produce  an  impres¬ 
sion  of  a  continuous  motion. 

The  frames  in  a  motion  picture  change  24 
times  a  second.  Suppose  in  a  l/24th  of  a  second 
a  carriage  wheel,  which  is  shown  for  convenience 
in  Fig.  S.4.6  as  having  only  two  spokes,  OAx 
and  OBx,  rotates  so  that  the  spokes  move  from 
A1OB1  to  A2OB2.  The  eye  will  perceive  the  wheel 
to  have  rotated  clockwise  through  an  angle  a. 

If  the  vehicle  moves  faster  between  frame 
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changes  in  the  movie  camera  the  wheel  will 
rotate  through  a  substantially  larger  angle. 
The  spokes  will  move  to  A2OB2  as  shown  in  the 
figure  (bottom,  right).  Since  the  ends  of  both 


Fig.  S.4.6 


spokes  are  identical,  the  eye  mistakenly  per¬ 
ceives  the  rotation  through  angle  AxOA2  to 
have  been  through  angle  AyOB'2.  As  a  result,  the 
wheel  rotation  seems  to  be  moving  anticlockwise. 

It  can  be  seen  that  the  paradox  arises  at 
frequencies  such  that  during  a  frame  change  the 
spokes  rotate  through  angles  larger  than  half 
the  angle  between  adjacent  spokes.  Therefore 
for  a  constant  shooting  frequency  and  constant 
carriage  velocity  wheels  with  different  numbers 
of  spokes  will  seem  to  be  rotating  in  opposite 
directions,  as  can  sometimes  be  seen  in  the  cin¬ 
ema.  Occasionally  the  rear  wheels  of  a  carriage 
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have  more  spokes  than  the  front  wheels  and 
appear  to  rotate  in  the  opposite  direction. 

4.11.  After  passing  through  the  eye’s  crystal¬ 
line  lens  a  parallel  beam  of  rays  leaving  a  tele¬ 
scope  eye-piece  converges  to  form  the  object’s 
image  on  the  eye’s  retina. 

4.12.  The  argument  was  correct  at  all  points 
except  for  the  final  conclusion.  Telescopes,  in 
fact,  do  not  enlarge  the  image  of  stars,  never¬ 
theless  they  do  assist  astronomical  observations. 
Progress  in  astronomy  accelerated  after  1609, 
when  Galileo  pointed  a  telescope  at  the  sky. 

The  reason  for  using  a  telescope  to  observe  stars 
is  not  to  get  an  enlarged  image,  but  to  increase 
the  light  flux  incident  on  the  observer’s  eye 
from  the  object  under  observation.  A  tele¬ 
scope  increases  the  light  flux  retina  by  as  much 
as  the  area  of  the  telescope’s  collecting  lens  is 
larger  than  the  pupil. 

A  giant  telescope  was  recently  commissioned 
in  the  Soviet  Union  with  a  diameter  of  6  m. 
The  ratio  of  the  areas  of  its  mirror  to  an  open 
pupil  is  about 


600  cm  \ 2 
1  cm  / 


)  =360,000. 


Thus,  the  light  flux  on  an  observer’s  eye  is 
360,000  times  as  much  collected  by  the  naked 
eye.  Therefore  a  telescope  makes  objects  which 
are  not  observable  with  a  naked  eye  available 
to  observation. 

4.13.  At  very  small  diameters  of  the  objective 
the  light  is  diffracted  due  to  its  wave  nature. 
This  phenomenon  results  in  diffused  image  bound¬ 
aries,  thus  deteriorating  its  quality. 
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4.14.  Ways  of  constructing  devices  that  gener¬ 
ate  energy  beams  have  been  thought  up  by  many 
inventors,  but  none  succeeded.  This  is  not  simply 
bad  luck.  The  construction  of  the  hyperboloid 
(A.N.  Tolstoy  should  have  called  Garin’s  device 
a  paraboloid  since  the  description  in  the  novel 
involved  parabolic  not  hyperbolic  mirrors)  is 
blocked  by  a  number  of  serious  obstacles. 

First,  it  is  difficult  to  find  an  adequate  refracto¬ 
ry  material  to  manufacture  the  mirrors  because 
a  mirror  reflecting  a  powerful  beam  must  itself 
be  heated  up  to  a  high  temperature. 

Second,  it  is  not  clear  what  fuel  is  used  to  feed 
the  hyperboloid,  it  must  hold  a  colossal  amount 
of  energy  in  a  small  volume,  otherwise  the  hyper¬ 
boloid  would  be  a  harmless  toy.  Yet  the  gravest 
disadvantage  is  the  difficulty  of  generating 
narrow  beams  of  light  that  will  travel  long  dis: 
tances.  This  difficulty  is  due  to  the  wave  nature 
of  light:  the  narrower  the  light  beam,  the  more 
pronounced  the  diffraction  which  smears  it. 
The  phenomenon  of  diffraction  prevents  the 
generation  of  narrow  beams  of  light  using  any 
technique  dreamt  of  by  Garin,  i.e.  mirrors, 
diaphragms,  lenses  or  any  other  geometrical 
optical  device. 

Whilst  this  argument  is  valid  for  the  device 
based  on  the  principles  of  geometrical  optics. 
However,  two  Soviet  scientists  Nikolai  Basov 
(b.  1922)  and  Aleksandr  Prokhorov  (b.  1916) 
and  the  American  physicist  Charles  Townes 
(b.  1915)  independently  invented  devices  in 
which  pre-excited  atoms  radiate  stored  energy 
practically  at  once  (this  is  the  so-called  coherent 
radiation).  As  a  result,  a  very  narrow,  almost 
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nondiverging  beam  of  light  is  produced.  The 
radiation  energy  density  within  the  beam  is  so 
high  that  the  beam  can  easily  punch  through 
wood  a  few  centimeters  thick  several  meters 
away  from  the  generator.  Now  these  lasers  or 
quantum  generators  have  been  used  to  determine 
geographic  and  astronomic  distances  with  breath¬ 
taking  precision  (cf.  Problem  4.4),  drill  holes 


Fig.  S.4.7 

in  hard  jewel  stones  and  metals,  and  in  surgical 
operations,  particularly,  on  human  eyes.  The 
applications  of  lasers  are  expanding  incessantly. 

4.15.  Let  us  trace  one  of  the  rays  leaving  the 
source  and  incident  at  an  angle  on  the  inside 
surface  of  the  light  concentrator.  To  simplify, 
let  us  consider  the  two-dimensional  (flat)  case 
(see  Fig.  S.4.7). 

From  the  triangle  ^405  we  find 


p2  =  180°  — (Z-BAO  +  /LAOS  +  Z.  OBM). 
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Since  AN  and  BM  are  normal  to  the  sides 
AO  and  BO ,  respectively,  then 

Z.BAO  =  90°  —  pi  and  Z.MBO  =  90° 

The  angle  at  the  vertex  of  the  cone  AOB  =  a. 
Therefore  we  have 

P2  =  Pi  a* 

Analogously,  we  can  show  that  after  the  third 
reflection  the  angle  p3  will  be 

P3  =  P2  a  =  Pi  2a. 

and  after  the  nth  reflection 

P n  =  Pi  —(n  —1)  a. 

Thus,  after  each  reflection  the  reflection  angle 
is  decreased  by  the  same  value;  therefore,  irre¬ 
spective  of  the  value  of  a  at  some  stage  the  reflec¬ 
tion  angle  will  be  zero  and  then  become  negative, 
i.e.  reflected  rays  will  turn  back  to  the  base 
of  the  cone. 

By  making  pn  =  0,  we  can  calculate  how 
many  reflections  are  needed  before  rays  incident 
at  an  angle  pt  turn  back: 

n  —  — +  1- 

The  smaller  opening  of  the  cone  will  be  only 
reached  by  the  negligible  fraction  of  rays  that 
is  emitted  by  the  source  along  the  axis  of  the 
cone. 

The  argument  can  be  supported  by  an  accu¬ 
rate  drawing.  Our  figure  demonstrates  that  after 
the  fourth  reflection  at  D  the  incident  ray  turns 
to  the  broader  opening  of  the  cone. 
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Note  that  sometimes  charged  particles  behave 
in  magnetic  fields  like  the  rays  of  light  trapped 
in  a  mirror  cone. 

Figure  S.4.8  illustrates  a  simplified  operation 
of  the  so-called  “magnetic  bottle”.  The  magnetic 
field  lines  approach  each  other  in  a  cone-shaped 


form  and  force  the  trapped  particles  to  move 
along  involved  trajectories  and  to  turn  back¬ 
wards.  Regions  limited  by  the  lines  of  force  of 
the  magnetic  field  of  the  Earth  are  shaped  like 
bent  tubes  narrower  at  the  poles  (Fig.  S.4.9).  The 
charged  particles  trapped  by  these  tubes  move 
from  one  pole  to  another  to  produce  radiation 
belts  around  the  Earth. 

To  summarize,  we  want  to  say  that  various 
schemes  of  controlled  thermonuclear  reaction 
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involve  plasma  heated  to  millions  of  degrees 
Centigrade  and  isolated  from  the  walls  of  the 
containing  vessel  by  magnetic  bottles,  magnetic 


Fig.  S.4.9 


plugs  or  other  setups  based  on  the  principles 
illustrated  in  Fig.  S.4.8. 

4.16.  The  perception  of  a  colour  by  an  observ¬ 
er’s  eye  is  not  governed  by  the  wavelength  de¬ 
pending  on  the  refraction  index  of  medium,  but 
by  the  frequency  of  the  electromagnetic  oscil¬ 
lations  which  affect  the  optic  nerve  endings.  The 
frequency  does  not  change  on  transition  from 
one  medium  to  another  since  it  is  determined  by 
the  source  of  light  and  not  the  medium. 

Therefore  a  colour  sensed  in  air  as  red  is  per¬ 
ceived  as  red  in  water,  too. 

4.17.  The  particles  of  tobacco  smoke  scatter 
the  light  incident  on  them  depending  on  wave¬ 
length.  Rays  with  short  wavelength,  i.e.  violet, 
blue,  and  dark-blue  are  scattered  most.  Long 
wavelength  rays  from  the  opposite  end  of  spec¬ 
trum  are  scattered  less,  since  the  diffraction,  viz. 
light  bending  round  obstacles,  is  more  character- 
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istic  of  them.  Therefore  a  beam  of  light  passing 
through  a  smoke  cloud  is  dominated  by  red  hues. 
By  contrast,  when  observing  a  smoke  cloud 
from  the  side  of  the  source  or  on  the  side  we 
mainly  see  the  short-wave  rays  and  the  smoke 
seems  bluish. 

"Tne  beperfaence  61  ‘trie  dnsorjiiion  <5i  'iigrii 
rays  on  their  colour  is  always  taken  into  account 
in  practice:  accident  and  hazard-warning  lights 
have  red  filters  (red  traffic  lights)  and  to  ensure 
black-out  (for  example,  during  a  war)  room  illu¬ 
mination  is  done  by  blue  lamps. 

As  to  the  true  colour  of  smoke,  this  must  be  the 
colour  of  the  microscopic  unburnt  particles  of 
carbon  which  make  up  the  smoke,  i.e.  black. 

4.18.  As  was  mentioned  in  Problem  4.16,  the 
wavelength  corresponding  to  red  is  about 
0.65  pm.  Green  has  a  wavelength  of  0.55  pm. 
Thus,  the  wavelength  shift  due  to  the  Doppler 
effect  would  be 


0.55  pm 
0.65  pm 


0.85. 


This  means  that  the  frequency  of  electro¬ 
magnetic  oscillations  falling  on  the  driver’s 
eye  must  have  increased  1/0.85  =  1.18  times, 
i.e.  by  about  20%.  Such  an  increase  in  frequency 
is  only  possible  at  the  velocities  of  about  20% 
that  of  the  velocity  of  light,  which  of  course  is 
beyond  the  reach  of  any  driver.  The  minimum 
velocity  at  which  the  Doppler  effect  starts  to  be 
detectable  using  very  sensitive  optical  devices 
is  500  m/s,  this  too  being  far  beyond  the  range 
of  a  normal  car. 
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4.19.  Consider  a  collecting  lens  with  a  source 
of  light  positioned  at  point  A  on  its  principal 
optical  axis  (Fig.  S.4.10a).  On  passing  through 
the  lens,  the  velocity  of  the  light  quanta  and, 


a 


consequently,  the  magnitude  of  the  momentum 
vector  of  the  quanta  remain  the  same  as  before; 
only  the  direction  of  the  momentum  vector 
changes.  If  the  source  of  light  is  at  a  distance 
0  <C  d  <  2F  from  the  lens  then  the  projection 
of  the  photon  momentum  vector  onto  the  optical 
axis  before  the  light  passes  through  the  lens  is 
smaller  than  that  after  (this  can  be  easily  proved 
using  triangles  and  taking  into  account  that 
d  <C  /).  Since  the  momentum  component  along 
the  optical  axis  has  been  increased,  the  lens 
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itself  must  have  received  a  momentum  in  the 
opposite  direction,  i.e.  towards  the  source  of 
light! 

For  d  >  2F  the  lens  will  be  exposed  to  the 
force  R  directed  away  from  the  source  (Fig. 
S.4.10b).  Of  course,  the  lens  must  be  perfectly 
transparent  and  must  not  reflect  light,  then  this 
relation  will  be  true.16) 

We  can  see  that  the  source  of  light  will  attract 
any  optical  system  which  decreases  the  diver¬ 
gence  of  rays  in  a  beam  of  light  which  passed 
through  this  system.  A  lens  is  not  the  only  device 
to  possess  this  property  (can  you  suggest  others?). 
Unfortunately,  their  efficiency  falls  the  farther 
they  are  from  the  source  of  light.  We  don’t 
mention  here  the  difficulties  facing  the  manufac¬ 
turer  of  the  very  long-focus  lenses  needed  to  pull 
a  vehicle  towards  the  Sun  over  distances  of  the 
order  of  millions  of  kilometres.  We  have  been 
interested  in  the  principles. 

4.20.  Electrons  are,  we  all  know,  found  in 
atoms  in  different  states,  each  corresponding  to 
specific  energy.  When  passing  from  a  higher 
energy  state  to  a  lower  energy  one  the  electron 
releases  the  excess  energy  as  electromagnetic 
radiation.  Depending  on  the  frequency,  an 
observer  perceives  a  colour. 

In  metals,  due  to  thermal  excitation  energy 
the  electrons  farthest  from  nucleus  (in  chemistry 
these  are  called  valence  electrons)  can  easily  pass 


15)  We  can  easily  show  that  if  the  source  of  light  is 
on  the  principal  optical  axis,  the  total  change  in  the  mo¬ 
mentum  of  light  incident  on  the  lens  in  the  plane  perpen¬ 
dicular  to  an  optical  axis  vanishes.  Therefore  the  lens 
is  exposed  to  a  force  directed  parallel  to  the  optical  axis. 
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to  an  excited  state  and  back  to  the  normal  or 
ground  state,  thus  liberating  the  energy  in  the 
form  of  light. 

This  is  not  the  case  with  quartz  and  glass. 
Here  all  the  electrons  are  tightly  bound  with 
atomic  nuclei  and  only  change  their  energy 
state  with  difficulty.  To  produce  noticeable 
luminescence  needs  a  much  higher  temperature. 

4.21.  The  theory  of  relativity  forbids  the 
relative  displacement  of  two  material  objects 
at  a  velocity  exceeding  that  of  light.  However, 
the  intersection  point  of  two  rulers  is  only  a 
geometrical  image  whose  velocity  (relative  to 
the  Earth  or  any  other  object)  is  not  limited  by 
the  theory  of  relativity. 

Nevertheless  it  first  seems  that  placing  a  metal 
ring  at  the  intersection  point  (Fig.  S.4.11),  we 


would  find  a  contradiction  with  the  theory  of 
relativity  since  a  material  object  associated  with 
a  geometrical  point  of  intersection  must  move 
with  it  and  at  the  same  velocity  at  that! 

However,  don’t  forget  that,  according  to 
relativity,  an  increase  in  the  velocity  of  a  body 
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brings  about  change  in  its  mass,  i.e. 


m  — 


(see  Problem  4.1). 


Thus,  as  the  moving  ruler  gradually  accele¬ 
rates  the  mass  of  the  ring  builds  up,  so  further 
increase  in  its  velocity  (and  hence  that  of  the 
ruler)  becomes  more  difficult,  while  the  attain¬ 
ment  of  the  velocity  of  light  is  impossible. 

Here  is  what  M.  Gardner,  a  famous  American 
popularizer  of  science  wrote  in  Relativity  for 
the  million ,  which  we  suggest  everyone  interested 
in  physics  should  read. 

“Although  signals  cannot  be  sent  faster  than  the 
speed  of  light,  it  is  possible  to  observe  certain 
types  of  motion  that,  relative  to  the  observer, 
will  have  a  speed  faster  than  light.  Imagine  a 
gigantic  pair  of  scissors,  the  blades  as  long  as 
from  here  to  the  planet  Neptune.  The  scissors 
begin  to  close  with  uniform  speed.  As  this  hap¬ 
pens,  the  point  where  the  cutting  edges  intersect 
will  move  toward  the  points  of  the  scissors  with 
greater  and  greater  velocity.  Imagine  yourself 
sitting  on  the  motionless  pin  that  joins  the  blades. 
Relative  to  your  inertial  frame,  the  point  of  inter¬ 
section  of  the  blades  will  soon  be  moving  away 
from  you  with  a  speed  greater  than  that  of  light. 
Of  course,  it  is  not  a  material  object  that  is 
moving,  but  a  geometrical  point. 

Perhaps  this  thought  occurs  to  you:  Suppose 
that  the  handles  of  the  scissors  are  on  the  earth 
and  the  point  of  intersection  of  the  blades  is  at 
Neptune.  As  you  wiggle  the  handles  slightly, 
the  intersection  point  jiggles  back  and  forth. 
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Could  you  not,  then,  transmit  signals  almost 
instantaneously  to  Neptune?  No,  because  the 
impulse  that  moves  the  blades  has  to  pass  from 
molecule  to  molecule,  and  this  transmission 
must  be  slower  than  light.  There  are  no  absolute¬ 
ly  rigid  bodies  in  general  relativity.  Otherwise 
you  could  simply  extend  a  rigid  rod  from  the 
earth  to  Neptune  and  send  messages  instantan¬ 
eously  by  wiggling  one  end.  There  is  no  way  that 
the  giant  pair  of  scissors,  or  any  other  type  of 
so-called  rigid  object,  could  be  used  for  trans¬ 
mitting  a  signal  faster  than  the  speed  of  light. 

4.22.  As  the  velocity  of  the  right-hand  lever 
approaches  the  velocity  of  light,  the  mass  of  the 
lever  increases  infinitely  (cf.  the  solutions  to 
Problems  4.1  and  4.21),  and  this  prevents  it 
from  reaching  the  velocity  of  light,  to  say  noth¬ 
ing  of  exceeding  it. 

4.23.  The  calculation  convincingly  demonstrates 
the  absurd  conclusions  that  can  be  drawn  by 
mechanically  applying  mathematical  formulas 
without  seeing  into  the  underlying  physics. 

Radium  is  a  member  of  a  radioactive  family. 
In  the  chain  of  transformations  it  comes  between 
thorium  which  decays  to  radium,  and  radon  which 
is  the  decay  product  of  radium.  The  radium 
now  on  Earth  is  not  the  remainder  of  the  colossal 
initial  quantity  calculated  in  the  problem. 

At  present  we  know  of  three  natural  radio¬ 
active  families.  These  are  the  uranium,  thorium 
and  actinium  series  which  are  named  after  the 
first  member  in  the  chain  of  transformations. 
A  fourth,  the  neptunium,  family  is  composed  of 
artificially  produced  isotopes  not  found  on  the 
Earth.  Due  to  their  fairly  long  half-lives,  the 
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progenitors  of  the  first  three  families  can  be  found 
in  nature.  Their  half-lives  are 


4.5x10®  years, 
1 ,4x  1010  years, 
7.1x10s  years. 


uranium 

thorium 

actinium 


However  the  members  of  their  families  can 
only  be  detected  in  nature  due  to  the  con¬ 
tinuous  production  in  the  process  of  radioactive 
decay  of  other  elements. 

At  the  moment  of  the  Earth’s  birth  only  a 
minor  amount  of  neptunium  would  have  been 
present  (though  even  this  is  very  doubtful  from 
the  viewpoint  of  nuclear  physics),  but  its  half- 
life  is  “only”  2.2  x  106  years  and  this  is  too 
short  for  neptunium  to  have  lasted  until  now. 

4.24.  Let  us  consider  a  gas  contained  in  a 
piston-plugged  cylinder.  As  long  as  the  piston 
is  at  rest,  the  average  velocity  of  the  gas  mole¬ 
cules  v  remains  constant  (if,  of  course,  there  is 
no  heat  supplied  to  the  gas),  since  the  collisions 
between  molecules  and  cylinder  walls  as  well 
as  the  piston  are  elastic  and  the  velocity  after 
a  collision  remains  unchanged. 

However,  if  the  piston  is  pushed  into  the 
cylinder  at  a  certain  constant  velocity  a,  then 
the  molecules  striking  the  piston  get  a  velocity 
v  +  u  relative  to  it.  These  molecules  are  reflected 
with  the  same  velocity  relative  to  the  piston. 
However,  since  the  piston  moves  with  a  velocity 
u  relative  to  the  cylinder,  then  after  the  reflection 
the  velocity  of  the  molecules  relative  to  the 
cylinder  is  u  +  (u  +  u)  v  -f  2n,  i.e.  it  is 
increased  by  2 u. 

Charged  particles  are  accelerated  in  space  in 
the  same  manner.  If  a  proton  flying  away  from 
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the  Earth  at  a  velocity  v  arrives  at  an  agglomer¬ 
ate  of  interstellar  gas  carrying  a  magnetic  field 


v 


v  +  2u 


Fig.  S.4.12 

and  moving  with  a  velocity  u  towards  the  Earth, 
then  after  being  “reflected”  by  the  magnetic 
field  (Fig.  S.4.12)  the  proton  will  return  to  the 
Earth  with  a  velocity  v  +  2 u.  True,  the  proton 
can  be  trapped  by  a  magnetic  field  whose  velocity 
vector  is  oriented  outward  of  the  Earth  and  can 
be  slowed  down,  but  an  exact  calculation  dem¬ 
onstrates  that  the  moving  particles  meet,  per 
unit  time,  more  accelerating  than  decelerating 
fields,  so  the  net  effect  is  acceleration. 

4.25.  Nuclear  reactions,  like  chemical  ones, 
are  classed  into  those  that  release  energy,  exo¬ 
thermic  reactions,  and  those  that  absorb  energy, 
endothermic  reactions.  The  first  reaction  in  the 
problem  is  exothermic  and  proceeds  spontaneous¬ 
ly.  The  second  reaction  is  endothermic  and  for 
a  proton  to  transform  to  a  neutron,  positron, 
and  neutrino  requires  a  huge,  on  a  microworld 
scale,  amount  of  energy. 

According  to  the  modern  concepts  resulting 
from  the  theory  of  relativity,  an  increase  in  the 
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energy  of  a  body  is  accompanied  by  an  increase 
in  its  mass.  A  proton  capable  of  generating  the 
neutron-positron-neutrino  triad  must  have  as 
large  mass  as  the  mass  of  a  proton  in  the  ground 
state  plus  twice  the  mass  of  an  electron  (or  a 
positron  since  the  masses  of  both  particles  are 
identical).  Therefore  the  law  of  mass  conserv¬ 
ation  remains  valid.  The  same  is  true  of  the 
law  of  charge  conservation,  as  can  be  seen  in 
these  reactions. 

4.26.  During  conventional  (electron)  p-decay 
one  of  the  neutrons  composing  the  parent  nucleus 
is  transformed  into  three  particles  (proton,  elec¬ 
tron,  and  antineutrino): 

ln-+\p  +  J>e- Kv. 

The  proton  remains  in  the  daughter  nucleus, 
while  the  electron  and  the  antineutrino  are 
ejected.  Thus  the  nuclear  charge  is  a  unity  larger 
than  the  parent  nucleus,  and  the  daughter  nucleus 
is  one  cell  to  the  right  of  the  parent  nucleus  in 
the  periodic  table. 

During  a  positron  P-decay  the  following  reac¬ 
tion  takes  place  in  a  parent  nucleus 

\P-+Ifi  +  Ae  +  0°v, 

after  which  the  neutron  is  left  in  the  daughter 
nucleus,  while  both  the  positron  and  neutrino 
are  ejected.  Thus,  a  positron  p-decay  decreases 
the  nuclear  charge  by  unity  and  the  daughter 
nucleus  lies  a  cell  to  the  left  of  the  parent  nucleus. 
Electron  decay  occurs  in  neutron-rich  (proton- 
deficient)  nuclei,  while  the  positron  reaction 
occurs  in  proton-rich  (neutron-deficient)  nuclei. 
The  reactions  were  treated  in  Problem  4.25. 


